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Foreword

Exploitation of the ocean floor for commercial or military use requires not only Remotely Oper-
ated Vehicles (ROVs), Autonomous Underwater Vehicles (AUVs), submersibles, and diving systems;
it also requires 1-atmosphere enclosures permanently-or semipermanently-affixed to the ocean floor.
These 1-atmosphere enclosures would serve as habitats for the crews, covers for mine shafts, and
pressure-resistant buildings for ore or food-processing plants. Bottom-mounted pressure-resistant
enclosures must be negatively buoyant, instead of positively buoyant (as they are with pressure hulls
for submersibles). This allows them to be constructed from inexpensive materials with low specific
compressive strength.

The primary choice for such applications is Portland cement concrete, since it is inexpensive, can
be cast in situ, does not deteriorate under long-term immersion, and has a fair specific compressive
strength. In fact, its specific compressive strength is high enough to qualify the material as a viable
candidate for use in constructing large submarine oil tankers that require pressure hulls with only mar-
ginal positive buoyancy.

Since concrete has not previously been used for constructing pressure-resistant shells for ocean
engineering structures, there was a total absence of engineering data on which to base the design of
any pressure-resistant concrete housings for U.S. Navy applications. To make up for this deficiency,
the U.S. Navy initiated a research program whose objective was to generate sufficient data to enable
formulation of design criteria to construct concrete pressure housings. The principal investigators were
Dr. Stachiw. and Messrs. Haynes, Albertsen, Kahn, Highberg, and Hoofnagle. The reports these
investigators produced effectively summarize the scope and results of the research program.

The results of the program were sufficiently encouraging and comprehensive to allow formulation
of design criteria for use by U.S. Navy engineers. The performance of model scale concrete housings
employed in the research program provided the data to use for confidently designing frll-scale
pressure-resistant concrete enclosures with an infinite lifetime.

Volume IX is a compilation of reports that summarize the studies on 15-inch diameter spherical
test specimens to experimentally evaluate the effect of wall thickness, impregnation, reinforcement
techniques, and penetrations on critical pressure, creep, and permeability.

Volume X is a compilation of reports that summarize the studies on (1) 15-inch diameter cylin-
ders and (2) 66-inch diameter spheres under short-term and long-term loading. This volume also
contains the design criteria and recommendations formulated at the conclusion of the research
program on concrete external-pressure housings.

Accesion For
Ac -io For ..-.. .J. D. Stachiw

NTIS CRA&I Marine Materials Office
DU o TAB Ocean Engineering

• ,: Division

By
By .....................

D:, t -b -io/ -

Dist ,

At-I , _



TABLE OF CONTENTS: VOLUME X

TR R790 Influence of Compressive Strength and Wall Thickness on Behavior
of Concrete Cylindrical Hulls Under Hydrostatic Loading

TR R740 Influence of End-Closure Stiffness on Behavior of Concrete
Cylindrical Hulls Subjected to Hydrostatic Loading

TR R735 Influence of Stiff Equatorial Rings on Concrete Spherical Hulls
Subjected to Hydrostatic Loading

TR R679 Failure of Thick-Walled Concrete Spheres Subjected to
Hydrostatic Loading

TR R774 Behavior of 66-Inch Concrete Spheres Under Short- and
Long-Term Hydrostatic Loading

TR R805 Long-Term Deep-Ocean Test of Concrete Spherical
Structures - Part I: Fabrication, Emplacement, and Initial
Inspections

TR R869 Long-Term, Deep-Ocean Test of Concrete Spherical
Structures - Results After 6 Years

TN 1760 Handbook for Design of Undersea, Prcssure-Resistant Concrete
Structures



Technical Report

R790
Sponsoredj by
NAVAL FACILITIES ENGINEERING COMMAND

June 1973

NAVAL CIVIL ENGIN EERING LABORATORY
Port Hueneme, California 93043

INFLUENCE OF

COMPRESSIVE STRENGTH

AND WALL THICKNESS

ON BEHAVIOR OF

CONCRETE CYLINDRICAL

HDROSTATIC LOADING

Approvedj for Public reiews;
dittribution unlimited.



INFLUENCE OF COMPRESSIVE STRENGTH AND WALL
THICKNESS ON BEHAVIOR OF CONCRETE CYLINDRICAL
HULLS UNDER HYDROSTATIC LOADING

Technical Report R-790

3.1610-1

by

N. D. Albertsen

ABSTRACT.

Sixteen unreinforced, cylindrical concrete hull models of 16-inch
outside diameter were subjected to external hydrostatic loading to deter-
mine the effect of concrete strength and wall thickness on implosion and
strain behavior. The test results showed that an increase in concrete strength
of 70% produced an average increase in implosion pressure of 87%, while
increases in hull wall thickness by factors of 2 and 6 produced increases in
implosion pressure by factors of approximately 2 and 11, respectively.
Changes in concrete strength had little effect on strain behavior; however,
strain magnitudes generally increased with increasing wall thickness when
comparisons were made at a constant percentage of Pim- Design recom-
mendations are presented to aid in the design of cylindrical concrete hulls
for underwater use.

Approved for public release; distribution unlimited.

Copies available at the National Technical Information Service (NTIS),
Sills Building. 5285 Port Royal Road. Springfield. Va. 22151
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INTRODUCTION

Previous studies1"8 conducted at the Naval Civil Engineering
Laboratory (NCEL) have shown that concrete is an effective construction
material for undersea pressure-resistant structures. Experiments on concrete
cylindrical hulls5 , 7 with 16-inch outside diameters, 2-inch-thick walls, and
8- to 128-inch lengths have established the influence of the length-to-outside-
diameter, L/Do, ratio and the end-closure stiffness on implosion pressure,
strain magnitude, and strain distribution. Figure I shows that the thick wall
theory based on Lame's equation conservatively predicts implosion pressure

for cylindrical concrete hulls with a wall-thickness-to-outside-diameter, t/Do ,
ratio of 0.125 and L/D o ratios from 0 to 8. The strain and implosion data
for these hulls indicate that the effects of hemispherical concrete end-closures
are minimal at a distance > 1 diameter from the edge of the cylinder, and,
thus, cylinders with L/D o ratios greater than 2 can be considered to be infi-
nitely long. Variations in end-closure stiffness did not cause a reduction in
the implosion pressure of cylindrical concrete hulls below values predicted
by Lam6's equation; however, rigid end-closures produced high shear strains
near the closure which would be undesirable for structures subjected to long-
term submergence.

The objective of this study was to determine experimentally the
relationship between implosion pressure, concrete strength, wall thickness,
strain distribution, and strain magnitude in cylindrical concrete hulls subjected
to external hydrostatic loading.

Data from this experimental study were used to develop design
guidelines so that safe and economical pressure-resistant cylindrical concrete
structures can be designed for underwater applications.

EXPERIMENTAL PROGRAM

Experiment Design

Sixteen concrete cylindrical hulls having four different wall
thicknesses and two concrete strengths were tested to implosion under
short-term hydrostatic loading. The hulls had wall thicknesses of 1/2, 1,



2, and 3 inches (Figure 2) which correspond to t/Do ratios of 0.0312, 0.0625,
0.1250, and 0.1875. All cylinders were 16 inches in outside diameter and 64
inches long; each had hemispherical concrete end-closures of the same wall
thickness as the cylinder. Two hulls of each wall thickness were made of con-
crete with a uniaxial compressive strength, f,, of approximately 6,000 psi
and two of approximately 10,000 psi. One hull of each concrete strength
and wall thickness was instrumented with electrical resistance strain gages.
A summary of the design information for the cylindrical hulls is given in
Table 1.

0.60 t = 2 in.

._ r spherical structures, IT
t/Do = 0.125 = 16 in.

c: 0.50O

0.40

E Va- estimated t/Do ratio = 0.1250
L0 f - 9,000 psi
T 0.30 0cyindrical structures. -

x O@ fitted curve

" -8--~ ~ ~
S0.20 ___ ____ ___ ____ ___

Lame's Equation

.0

. 0.10
E

0 1 2 3 4 5 6 7 8

Cylinder Length/Outside Diameter. L/Do

Figure 1. Analytical prediction of implosion pressure (after Reference 5).

Fabrication of Specimens

All cylinders and hemispherical end-closures were cast in rigid metal
molds which had been machined to tolerances of ±1/32 inch. The cylinders
and end-closures were made from a microconcrete mix consisting of type II
portland cement, San Gabriel River Wash Aggregate, and freshwater. Con-
crete strengths of approximately 6,000 and 10,000 psi were produced by
varying the water-to-cement ratio and the cure procedure. Table 2 gives the
mix proportions and cure times, and Table 3 gives the aggregate proportions

4 which remained the same for both mixes.
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Figure 2. Cylindrical test specimens with wall thicknesses ranging from 1/2 inch to
3 inches.

After moist curing, the cylinders and end-closures were stored under

room conditions while being prepared for test. Hull preparation began with

a light sandblasting of surfaces to expose surface voids and to remove laitance.
Small, shallow voids were filled with a cement-sand paste, while larger voids
were filled with an epoxy adhesive. The mating surfaces of the cylinders and

end-closures were ground flat by rotating them on a flat plate covered with
No. 60 Silicon Carbide grit. Next the cylinders and hemispheres were water-
proofed with a clear epoxy paint and bonded together with an epoxy adhesive.
The final step in the specimen fabrication was to apply electrical resistance
strain gages. Figure 3 shows a cross section of a fabricated cylindrical hull,
and Figure 4 shows the strain gage layout for the hulls.

Test Procedure

The cylindrical hulls were tested in NCEL's 72-inch pressure vessel
(Figure 5). The hulls were filled with water and vented to outside the pressure

vessel. During a typical test, external pressure was applied to the hull at a

3



constant rate until implosion occurred. The pressurization rate was 20
psi/min for the 1/2-inch-thick hulls and 100 psi/min for the 1-, 2-, and 3-inch-

tnick hulls. At selected pressure intervals, the strain gages were interrogated
and the change in volume of the specimen was recorded. C[.aiige in volume

was measured by collecting the water displaced under load from the hull's
interior.

Taule 1. Description of Cylindrical Hulls

(All cylinders were 64 inches long and 16 inches in outside diameter.)

Wall Nominal Uniaxial StrainCylinder tD Thickness Compresive Strength Gages on

Designationa Ratio (in.) of Concrete (psi) Hullb

1/2-1O-G 10,000 1 to 34
1/2-10-N 0.0312 0.5 10,000 0
1/2-6-G 6,,00 1 to 14

1/2-6-N 6,000 0

1-10-G 3,000 1 to 34
1-10-N 0.0625 1. 10,000 0
1-6-G 6,000 1 to 14

1-6-N 6,000 0

2-10-G 10,000 1 to 34
2-10-N 01250 2.0 0,00 0
2-6-G 6,000 1 to 14
2-6-N 6,000 0

3-1O-G 10,000 1 to 34

3-10-N 0.1875 3.0 10,000 0
3-6-G 6,000 to 14
3-6-N 6,000 0

a Designation system is Wall thickness (inches)--Nominal concrete strength (ksi)-

Gaged or N(,t gaged hull.

b See Figure 4 for location of gage%.

Iable 2. Mix Proportions and Cure Times

Approximate Uniaxial Water-to-cement Aggregate-to-Cement Cure Time in ApproximateStrengthCemen AgeegtetateentTestim
Compressi,, Strength (by weight) Ratio (by weight) Ra'io 100% RH (days) Age at Test

of Mix (psi) (days)

10.000 0.56 3.30 90 120

6,000 0.65 3.30 7 28

4



penetrator flange for attachment
to pressure vessel head

epoxy adhesive, concrete hemispherical end-closure

1/32 inch of the same wall thickness as the
cylinder

water proofing epoxy,T
1/32 inch

Wall Thicknesses
(in.)

41 
in. 1/16

S= 2 in. 1/16

t30= 3 in. 1/16

strain gage lead wires potted
with epoxy adhesive

' 16 in. 1/32--=,

Figure 3. Cross-section of cylindrical hull with hemispherical end-closures.
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Gage type: BLH SR-4, A-5

600

23 to 26

27 to 30

19 to
22

600

31to3
4 \15 to

ito 14

60o

Cylinder Unfolded to Show Strain Gage Layout

26 -30 34 141 10-- 18 -22 - midlength

49 -of hull
131-

1218

5 4"--- 4

24 28 32 4 4 16 20

3 L 3 2-- 15 1-

. bottom hemisphere

1/2" 1/2" cylinder joint

Figure 4. Strain gage layout for the cylindrical hulls.

Table 3. Aggregate Proportions

Sieve Size Designation
Percent Retained

Passing Retained

No. 4 No. 8 29.6
No. 8 No. 16 20.8

No. 16 No. 30 14.7
No. 30 No. 50 10.3
No. 50 No. 100 7.3

No. 100 pan 17.3

.. .. . =i,,i.=rem=.i il I lJ iI6l



Figure 5. Cylindrical concrete hull prior to being lowered into the pressure vessel for test.
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TEST RESULTS AND DISCUSSION

Mode of Failure

Inspection of the hulls after testing indicated that failure occurred,
depending on wall thickness, either by compression-induced shear or by
buckling. Hulls with 1-, 2-, or 3-inch-thick walls imploded when the concrete
failed in the compressive-shear mode. The resulting shear plane could be
easily identified by examining the specimens after test; a typical shear plane
is shown in Figure 6. The shear planes were oriented parallel to the longitu-
dinal axis of the cylinder and formed an angle of from 20 to 40 degrees with
a tangent to the exterior surface. In most cases, the midlength of the shear
plane was between 16 and 24 inches from the edge of the cylinder and coin-
cided with the center of the implosion hole. This failure mode is representative
of material failure.

d"pi

II

Figure 6. Compressive-shear failure of specimen 3-10-N.
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The shear planes that were evident in the thicker hulls were completely
absent from the 1/2-inch-thick hulls. These hulls shattered into many pieces
at failure (Figure 7), which made it impossible to locate the initial point of
failure. The mode of failure for these thin specimens appeared to be by
buckling, because at failure the maximum wall stresses ranged from 53 to

62 percent of the uniaxial compressive strength of the concrete (Table 4).

Figure 7. Fragments of specimen 1/2- 1O-G.

Table 4. Implosion Test Results

Wall Compressive IpoinCalculated Interior
Specimen Thka Strength of, esi Hoop Stress at Hmax

Concresse Cable Inero

(iner (irete. f0 Psr f" Implosion, OHmax fc

(psi) Pir (ps (psi)

1/2-10-N 10,700 376 0.035 6,210 0.58
1/2-10-G 10,900 349 0.032 5,765 0.53
1/2-6-N 5.420 203 0.037 3.355 0.62
1/2-6-G 5,760 214 0.037 3,535 0.61

1-10-N 10.700 1,110 0.104 9,470 0.88

1-10-G 10.480 1,103 0.105 9.410 0.90
1-6-G 6,620 547 0.083 4,665 0.70
1-6-N 5,920 530 0.090 4,520 0.76

continued
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Table 4. Continued

Compressive Calculated Interior

Specimen Wall S trength of Pim Hoop Stress at aHmax
Thicknessa b Pressure, f Implosion. aHmax fi:

Number (in.) C (psi) im (psi) (psi)

2-10-G 9,840 2,335 0.237 10,670 1.08
2-10-N 9,950 2.455 0.247 11,220 1.13
2-6-N 6,080 1,387 0.228 6,340 1.04
2-6-G 6,060 1,447 0.238 6,615 1.09

3-10-G 10,350 3.755 0.363 12,315 1.19
3-10-N 10,800 4,107 0.380 13,470 1.25
3-6-N 7,000 2,405 0.344 7,890 1.13
3-6-G 6,200 1,980 0.319 6,495 1.05

a Wall thicknesses of 1/2. 1,2, and 3 inches correspond to t/D o ratios of 0.0312, 0.0625, 0.1250,

and 0.1875, respectively.
b Average of six 3 x 6-inch control cylinders tested in uniaxial compression (see the Appendix).

No evidence was found in the debris from the tested specimens to
indicate the presence of in-plane cracking. In-plane cracking is the develop-
ment of cracks parallel to the maximum principal stresses (or in-the-plane
of the wall) and has been found by other investigators working with concrete
spherical 4 and cylindrical 5

,
11 hulls under biaxial stresses.

Implosion

Implosion performance was evaluated by comparing values for the
ratio of implosion pressure to concrete strength, Pim/fc; the implosion test
results are presented in Table 4. This ratio accounts for small variations 'n

concrete strength. Figure 8 shows the best fit relationship between Pim/f
and t/D o for the test results. The empirical equation which defines the best
fit curve is.

Pim
= 2.05 - 0.028 (1)

for 0.0312 < t/D o < 0.1875. Equation 1 can be used to predict the implosion
pressure of cylindrical concrete hulls under hydrostatic loading.

The implosion pressure for concrete cylindrical hulls subjected to
hydrostatic loading can be estimated by classical equations, Lame's equation
can be used to estimate the implosion pressure of cylindrical hulls which fail

10



in the compressive shear mode, if failure is assumed to occur when the

maximum principal stress reaches the uniaxial compressive strength of

the concrete.9 Lame's equation is

2 r?r.°V - (2)
Pim = f" 0 .1 2

2

where Pim = implosion pressure due to compressive shear failure (psi)

f¢ =uniaxial compressive strength of concrete (psi)

r, -- exterior radius of hull (in.)

r0  = interior radius of hull (in.)

The implosion pressure of cylindrical concrete hulls of finite length that fail

by buckling can be estimated by Bresse's equation.'( The equation is:

Pcr = 2 t )3 (3)

where Pcr = implosion pressure due to buckling (psi)

ES = secant modulus of elasticity to 0.5 f" (psi)

P = Poisson's ratio at 0.5 fl,

t = wall thickness of the hull (in.)

D = mean hull diameter (in.)

A graphical presentation of Equations 2 and 3 is also given in Figure 8.

Figure 8 shows that the 1/2- and 1 -inch-thick hulls (t/D. = 0.0312

and 0.0625) imploded at pressures lower than those predicted by Equation 2,

while the 2- and 3-inch-thick hulls (t/D = 0.1250 and 0.1875) imploded at

pressures higher than those predicted by Equation 2. For the thinner hulls,

structural instability kept the concrete from developing its full compressive

strength before buckling or premature compressive shear failure occurred.

For the thicker hulls, the concrete in the walls was under a state of multi-

axial stress which permitted the concrete to resist stresses greater than the

uniaxial strength. At implosion, the 2- and 3-inch-thick hulls experienced

stresses that exceeded fC by 4 to 25% (Table 4).

11
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Strain

Figures 9 through 18 show the strain and radial displacement data
for the instrumented hulls. These data helped to define the influence of wall
thickness, concrete strength, and end-closure effects on the behavior of the
hulls.

Figures 9 through 12 show the exterior hoop strain behavior for
specimens of each wall thickness. These figures indicate that the hulls reacted
to increasing hydrostatic pressure in approximately the same manner regardless
of concrete strength. Within one outside diameter (16 inches) from the edge
of the cylinder, large variations in strain magnitude were present; these varia-
tions in strain magnitude increased with increased pressure. Beyond 16 inches
the strain magnitudes became somewhat uniform. This behavior was caused
by the stiffness mismatch that existed between the stiff hemispherical end-
closure and the more compliant cylinder; this is consistent with behavior
observed in References 5 and 7.

[ he hoop strain data also show that as the hulls became thicker,
the strain magnitude tended to become greater at a constant percentage of
Pim. This behavior is reasonable because the concrete in the thicker walled
hulls is subjected to higher triaxial loading conditions than the concrete in
the thinner walled hulls. Table 5 shows that at 0.95 Pim, the theoretical
radial stress component on a midwall element increased from 3 to 26% of
the hoop stress component and from 6 to 41% of the axial stress component
when the wall thickness was increased from 1/2 to 3 inches. It is known that
concrete under a high triaxial loading state can sustain higher stresses and
strains than concrete under a low triaxial (or biaxial/uniaxial) loading state.

Table 5. Theoretical Midwall Stresses at 0.95 Pima

(All stresses are compressive.)

Wall Thickness, Applied External Radial Stress. Hoop Stress, Axial Stress. OR IOR
t (in.) Pressure, P (psi) OR (psi) GH (psi) OA (si) OH OA

1/2 345 170 5,460 2.820 0.03 0.06

' 1,050 580 8,380 4,480 0.07 0.13

2 2,280 1,380 9,020 5,210 0.15 0.25

3 3,740 2,520 9,720 6,130 0.26 0.41

a Pim was 363, 1,105, 2,400, and 3.940 si, respectively, for the 1/2-. 1-, 2%. and 3-inch-thick hulls.

13



-3,000- Concrete strength -10,000 psi
- - - - Concrete strength -6.000 psi

--- Average hoop strain for specimen 1/2-40-G
as indicated by displaced water

-2,000

6 0.95 Pm

II

-- - 0.3 Pim

joint 4 8 12 16 20 24 28 32

Distance From Edge of Cylinder (in.)

Figure 9. Exterior hoop strain for specimens 1/2-10-G and 1/2-6-G.

Concrete strength - 10,000 psi
--- Concrete strength -6.000 psi

-Q--Average hoop strain for specimen 1-10-G
-3,000- as indicated by displaced water

0.5 c

-2.000

0.6 P.n

0. im

0
joint 4 8 12 16 20 24 28 32

Distance From Edge of Cylinder (in.)

Figure 10. Exterior hoop strain for specimens 1-10-G and 1-6-G.
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-4,000

/ \ \ I' z 0.95 Pim

-3,000

c Concrete strength 10,000 psi

. - -- Concrete strength - 6,000 psi

--- ,0 Average hoop strain for specimen 2-10-G
-,0 - as indicated by displaced water

0..Pim

0 / / 0.3 Pim

jOint 4 8 12 16 20 24 28 32

Distance From Edge of Cylinder (in.)

Figure 11. Exterior hoop strain for specimens 2-10-G and 2-6-G.

Concrete strength - 10,000 psi

-4,000 -- - - - Concrete strength - 6,000 psi

<-- Average hoop strain for specimen 3-10-G
as indicated by displaced water

r)0.95 Pim

-3,000

E
/

.

. -2,000 /

0
-r / .0.6 Pim

0
joint 4 8 12 16 20 24 28 32

Distance From Edge of Cylinder fin.)

Figure 12. Exterior hoop strain for specimens 3-10-G and 3-6-G.
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-750-

Concrete strength -10.000 psi

-- -Concrete strength -6,000 psi

No data taken between 8 and 24
inches from joint

-500 -

U) -20 -Z -

~ -25 - - __ - 0.6 Pim

0
joint 4 8 ,2 16 20 24 28 32

Distance From Bottom Joint ( in.)

Figure 13. Exterior axial strain for specimens 1/2-1 0-G and 1/2-6-G.

Concrete strength -10,000 psi
--- Concrete strength -6,000 psi

-1 , - - No data taken between 8 and 24
inches from joint 09 i

- 0.5 Pim

X -,00

- - 0.3 Pim

0

joint 4 8 12 16 20 24 28 32
Distance From Bottom Joint (in.)

Figure 14. Exterior axial strain for specimens 2-10-G and 2-6-G.
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44

6 2 6

(a) 1/2 in. from edge of cylinder. Pressure Levels M of Pimn (b) 8 in. from edge of cylinder.
o =0

o =0.30

4 ~= 0.60 4

S= 0.95

Displacement Scale. 1/8 in. I 1x 10- 2 in.

5 3

6 26

(c) 16 in. from edge of cylinder. (d) 32 in. from edge of cylinder.

Figure 15. Radial displacement of the exterior surface of specimen 1/2-10-G.

The change-in-volume data were converted to average exterior hoop

strain by the thick wall theory. These calculated average values for hoop
strain are plotted in Figures 9 through 12 at 0.95 Pim and serve as a check
on the strain gage data.

Figures 13 and 14 show the axial strain behavior of 1/2- and 2-inch-
thick cylinders, respectively. These figures are typical for the behavior of all
the instrumented cylinders. In general, the axial strain at 8 inches from the
edge of the cylinder was the same as that near the cylinder's midlength. No
distinct trends in axial strain behavior were found that could be attributed
to variations in concrete strength.

17



5 ~53

2

11 Pressure Levels (% of Pim)

a) 12 in. from edge of cylinder. = 0 (b) 8 in, from edge of cylinder.
C1 = 0,30

, = 0.60
= 0.95

4 Displacement Scale, 1/8 in. 
= 1 x 10-2 in. 4

55 3

6 0 6 2

I,

(c) 16 in. from edge of cylinder. (d) 32 in. from edge of cylinder

Figure 16. Radial disljLcement of the exterior sui face of specimen 1-10-G.

Figures 15 through 18 show the radial displacement' of the exterior

surface for the cylindrical hulls. These figures reveal some interesting patterns

of behavior. At 1/2 and 32 inches from the edge of the cylinder, all specimens

remained quite circular at all levels of pressure. At 8 and 16 inches from the

edge, the 1- and 3-inch-thick specimens showed marked deviations from axial

symmetry and large amounts of out-of-roundness under load. The probable

cause for the deviations from symmetry and roundness is the presence of

initial out-of-roundness in the specimens combined with the influence of

the stiffness mismatch between the hemispherical end-closure and the cylinder.

* Radial displacement is the product of hoop strain and radius to the surface of interest.
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4 4

5 3 5 3

6 6 2

1 Pressure Levels % of Pim ) Q1

(a) 1/2 in. from edge of cylinder. = 0 (b) 8 in. from edge of cylinder.
0 0.30

= 0.60

Q =0.95

4 Displacement Scale, 1/8 in, = 1 x 10-2 in. 4

5.3 5 3

6 2 6 2

I 1

(c) 16 in. from edge of cylinder. (d) 32 in. from edge of cylinder.

Figure 17. Radial displacement of the exterior surface of specimen 2-10-G.

DESIGN PROBLEM

Design a cylindrical concrete hull of 25-foot inside diameter,
100-foot length (cylinder portion only) and 100,000-pound positive buoyancy
for lono-term operation at a depth of 1,000 feet. Assume the use of hemi-
spherical end-closures of the same wall thickness as the cylinder and concrete
of 7,000-psi uniaxial compressive strength.

19
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5,3 5 3

6 2 6 2

1 Pressure Levels % of Pim) 1

=0

(a) 1/2 in. from edge of cylinder. = 0.30 (b) 8 in. from edge of cylinder.
= 0.60
= 0.95

Displacement Scale, 1/8 in. = 1 x 10- 2 in.

4 4

3 5 3

6 2 6 2

1

(c) 16 in. from edge of cylinder (d) 32 in. from edge of cylinder.

Figure 18. Radial displacement of the exterior surface of specimen 3-10-G.

Because a buoyancy requirement is part of the example problem,
the first step is to determine cylinder wall thickness based on buoyancy.

(a) Displacement of hull = 64(7 D3 + 100 D 2

= 33.51 D3 + 5,027D
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(b) Weight of hull = 150 (D3
-25 3 )+ O (D2 - 252)

[6 4 0 j

= 78.54D 3 + 11,780D 2 - 8,590,000

(c) Displacement - Weight = Buoyancy

(1) (33.51 D3 + 5,027 D2 ) - (78.54 D3 + 11,780 D2 - 8,590,000)

= 100,000

(2) 45.03D 3 + 6,753D 2 
= 8,490,000

(3) Do = 32.17 ft

Do - Di
(d) Wall thickness, t 2

32.17 - 25.00
2

= 3.58 ft

Next, it is necessary to check the design to be sure that there is a
safety factor of at least 3 on the structure as it may be manned and used for
long-term operations.

(a) Pim = f (2.05 -D--- 0.028) (1)

= 7x 103 2.05 3.58 0.028)

32.17

= 1,397 psi

(b) Convert 1,397 psi to depth of water in feet:

Implosion Depth = 1,397 x 2.24

= 3,130 ft
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-I mplosion Depth
(c) Safety Factor 

= Operain Depth
Operating Depth

= 3,130/1,000

= 3.13

Since the safety factor is greater than 3.0, the wall thickness derived

through buoyancy considerations is, therefore, satisfactory. If the safety
factor had turned out to be less than 3.0, then a concrete mix with a com-
pressive strength greater than the specified 7,000 psi would have been required.

If the structure's buoyancy is not of major concern, Figure 19 can be
used to quickly determine the cylinder wall thickness needed for a given depth
and factor of safety. To solve the example problem using Figure 19 as the
design guide, the following steps are required.

(a) Convert operating depth to pressure in psi:

Pressure, P = 1,000 ft x 0.446 = 446 psi

(U) Calculate P/f.:

P/fr = 446 = 0.064
1,000

(c) Enter Figure 19 at P/f, = 0.064 and read across until the 3.0

factor of safety curve is intersected. Read out t/D 0 = 0.108

(d) Since t = (Do - Di)/2, t = 0.108 D., and Di = 25.00 ft, then

Do = 31.89 ft

t = 3.44 ft

Note that the wall thickness obtained using Figure 19 is slightly less

than that obtained using Equation 3 and buoyancy considerations. This is
because depth controlled the design of Figure 19; the result is a structure

that has approximately 150,000 pounds more buoyancy than the 100,000

pounds specified in the example problem.
The final design of cylindrical concrete hulls for use in the ocean

would have to include steel reinforcement to resist handling loads; such
design measures can be accomplished with conventional reinforced/prestressed

design techniques and are not included herein.
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0.35 Factor of Safety Against 1.0

6,000 psi < f < 10,000 psi Short-Term Implosion
0.30

0.25 neutral buoyancy
Do 1.5

0.20 L
L/D o ;2 22

0L) If L/D o < 2, Equation 3

0.15 gives conservative results.

0.10

0.05

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Wall Thickness/Outside Diameter, t/Do

Figure 19. Design guideline for cylindrical concrete hulls with hemispherical
end-closures (based on Equation 1).

FINDINGS

1. The implosion pressures for the concrete cylindrical hulls showed a direct
relationship to increases in concrete strength from 6,000 to 10,000 psi and
to increases in the ratio of wall thickness to outside diameter for values from
0.0312 to 0.1875. A linear empirical equation, Equation 1, was developed
to predict the implosion pressures.

2. Implosion pressures ranged from 208 psi for the 1/2-inch-thick hulls of
6,000-psi concrete strength to 3,930 psi for the 3-inch-thick hulls of 10,000-
psi concrete strength.

3. Two modes of failure for the hulls were observed: the 1/2-inch-thick
hulls (t/Do = 0.0312) failed by buckling, while the 1-, 2-, and 3-inch-thick
hulls (t/D o = 0.0625, 0.1250, and 0.1875) failed by compression shear type
material failure.

4. Strain data showed that end-closure effects were minimal beyond one
outside diameter trom the end-closure-to-cylinder joint.

23



CONCLUSIONS

This study on the influence of concrete strength and wall thickness

and previous studies on the influence of cylinder length and end-closure

stiffness have demonstrated that concrete is a predictable material for

pressure-resistant cylindrical structures. It is estimated that buoyant,

cylind, :2al concrete structures will have applications to the ocean depth

of 1,500 feet.

RECOMMENDATIONS

1. It is recommended that Equation 1 or Figure 19 be used as a guideline

for the design of cylindrical concrete hulls for use under the sea.

t
t2.5 - - 0.028) (1)P m =  f ": 2 D o

where Pim = implosion pressure (psi)

f ' = uniaxial compressive strength of concrete (psi)

t = wall thickness (ft)

Do = outside diameter it'

2. It is recommended that the region between the end-closure-to-cylinder

joint and one outside diameter from the joint not be used for penetrations in

concrete cylindrical hulls if alternate locations are available. If this location
is used for a penetration, then an appropriate increase in the factor of safety
is recommended.*
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Appendix

CONTROL CYLINDER DATA

The test results from the 3 x 6-inch control cylinders for the cylindrical
hulls are presented in Table A-i. The nominal 10,000-psi concrete strength
mix produced average values for f,, Es , and v of 10,460 psi, 3.56 x 106 psi,

and 0.19, respectively; the nominal 6,000-psi concrete strength mix produced
average values of 6,130 psi, 2.68 x 106 psi, and 0.16, respectively, for the
same three parameters. All hemispherical end-closures were made from a
high-strength mix which had average values of 8,840 psi, 3.18 x 106 psi, and
0.17, respectively.

Table A-1. Test Results for 3 x 6-Inch Control Cylinders

Specimen Compressive Strength of Secant Modulus of Poisson's Age at
Designation Concrete, fi (psiI Elasticity.a Es (psi x 106 )  

Ratiob v Test Idays)

1/2-10-N 10,700 3.47 0.18 101

1/2-10-6 10900 3.85 0.18 124

1/2-6-N 5,420 2.58 0.18 16

1/2-6-G 5,760 2.29 0.16 32

1-10-N 10,700 3.72 0.20 117

1-10-G 10,480 3.55 0.20 118

1-6-G 6,620 2.67 0.16 28

1-6-N 5,920 2.70 0.17 27

2,10-G 9,840 3.58 0.18 118

2-10-N 9,950 3.36 0.19 124

2-6-N 6,080 2.91 0.15 23

2-6-G 6,060 2.87 0.12 24

3-10-G 10.350 3.59 0.22 119

3-10-N 10,800 3.40 0.14 119

3-6-N 7,000 2.80 0.15 27

3-6-G 6.200 2.66 0.21 27

a Average of two 3 x 6-inch control cylinders to 0.5 fi.

b Average of two 3 x 6-inch control cylinders.
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LIST OF SYMBOLS

D Mean cylinder diameter (in.)

Di  Inside diameter of cylinder (in.)

Do  Outside diameter of cylinder (in.)

Es Secant modulus for the concrete to 0.5 f, (psi)

f, Uniaxial compressive concrete strength (psi)

L Length of cylinder (in.)

P Applied pressure

P,, Implosion pressure due to buckling failure (psi)

Pim Implosion pressure due to compressive shear
failure (psi)

ri  Interior radius of cylinder (in.)

r. Exterior radius of cylinder (in.)

t Thickness of cylinder wall (in.)

CA Axial strain (in./in.)

6N Hoop strain (in./in.)

V Poisson's ratio

OA Axial stress (psi)

oH  Hoop stress (psi)

OHs, Interior hoop stress at implosion

OR Radial stress (psi)
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INFLUENCE OF END-CLOSURE STIFFNESS ON BEHAVIOR
OF CONCRETE CYLINDRICAL HULLS SUBJECTED TO
HYDROSTATIC LOADING

Technical Report R-740

3.1610-1

by

L. F. Kahn

ABSTRACT

Twelve model concrete cylindrical hulls were subjected to hydrostatic
loading to determine the influence of end-closure stiffness on implosion pres-
sure and strain behavior of the cylinders. Results showed that variation of
end-closure stiffness did not reduce the implosion pressure below that of a
cylinder with a free end condition or below the implosion pressure predicted
by elastic thick-wall theory. To vary the closure stiffness, concrete hemisphere
and steel plate end closures were used to simulate free, pinned, beveled, and
fixed end conditions. Strain variations along the length of the cylinders indi-
cated that the influence of the closure was limited to a distance of one diameter
from the closure. Recommendations are presented to aid in the design of

concrete cylindrical hulls.
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INTRODUCTION

The prospective use of concrete cylindrical hulls for undersea
installations requires that some form of end closure be provided. The
closure may be a shell or plate made of concrete or another material; or

the closure may be another structure to which the cylindrical hull connects,
such as a sphere. The difference in stiffness between the cylinder and the
closure will affect the structural behavior of the cylindrical hull.

The primary objective of this investigation was to determine the
effect ot the end-closure stiffness on the structural behavior of thick-walled
concrete cylindrical hulls subjected to hydrostatic loading. The effect of the
end closure was studied by testing experimental models and by analyzing the
models with a finite element technique. The secondary objective was to com-

pare the experimental behavior with the analytical behavior to determine the
accuracy of the analytical method.

The ultimate purpose of this research is to aid in developing design
guidelines for the accurate and safe design of undersea concrete structures.
Applcations for such undersea structures include stations to monitor ocean

activities, nuclear reactor containment structures, transportation tLinnels,
mineral refinement plants, and oil driliing enclosures.

BACKGROUND

Previous experimental research at the Naval Civil Engineering

Laboratory (NCEL) on model cylindrical hulls determined the effect of
the cylinder length-to-outside-diameter ratio (L/Do )* on the strain behavior
and implosion pressure of the hulls and indicated the minimum length-to-
diameter ratio which approximates a cylinder of "infinite" length. 1

Fourteen concrete cylindrical hulls were tested. These hulls had an
outside diameter of 16 inches and a 2-inch wall thickness. End closures

* A foldour list of syribols irus .tded aft r Referii-is.

* An 'infi ely Inq" :ylinder is orim in which radial displacements are uniform
alwi q the length.



were concrete hemispheres with a 16-inch outside diameter and 2-inch wall

thickness. The L/D 0 ratio was varied trom 0.5 to 8.0. Principal findings of

the study were that.

1. A cylinder with an L/D. ratio of 2.0 or greater can be considered

infinitely long.

2. Exterior hoop strains were nearly uniform beyond a distance

equal to of greater than one outside diameter from the cylinder

end.

3. Cylinders with an L/D 0 ratio greater than 2.0 imploded at a

pressure loading of approximately 2,500 psi, which was conser-

vatively p>redicted with Lame's elastic thick-wall theory.

4. Hoop struins around the circumference of a cylinder at midlength

were not uniform, apparently a flat spot developed which eventually

resulted in the hull failure.

Alongl with the experimental investigation, the cylinders were analyzed

with a finite element method developed by E. L. Wilson. 2 The finite element

analysis indicated behavior similar to that determined in the experimental

findings.

EXPERIMENTAL PROGRAM

Scope

This investigation was principally an experimental study of 12 model

concrete cylindrical hulls with concrete hemisphere and steel plate end closures.

The closures were used to create various amounts of fixity at the cylinder ends.

The only intended variable in the experiment was the closure stiffness. The

structural behavior of the cylinders was studied by measuring the exterior

strain of the models as they were subjected to hydrostatic pressure loading.

All cylinders were tested to implosion.

The experiments were designed to yield sufficient data to show the

influence of end-closure stiffness on the structural behavior. These data were

then compared with the results from a finite element analysis of the cylinder

models to determine the difference between actual and theoretical behavior.

The analytical and experimental findings were used to formulate the recom-

mendations for design guidelines.

2 _ - m m w m mm ml m m



Design of Specimens

The 12 model concrete cylinders were similar to those fabricated in

the previous research study, 1 with a length-to-diameter ratio (L/D o ) of 2.0

and thickness-to-diameter ratio (t/D o ) of 0.125. The cylinders had an outside

diameter of 16 inches, wall thickness of 2 inches, and length of 32 inches.
Four end-fixity conditions were used and ranged from approximately

no end restraint to infinite restraint (Table 1). Two cylinders each were tested

with free end and pinned end conditions, and four cylinders each were tested

with beveled end and fixed end conditions.

To produce the least restraint, concrete hemispheres with a 16-inch

outside diameter and 1-inch wall thickness were bonded with epoxy to each

end of a cylinder (specimens 1 and 2). Elastic thick-wall theory predicted

that the -inch-thick hemisphere would have a radial deflection 0.95 times

the deflection of the 2-inch-thick cylinder; therefore, the hemispherical end

closure was approximately 5% stiffer than the cylinder. Because of this small

difference, the hemispherical closure would produce little end restraint, and

the cylindrical hull would respond to hydrostatic loading in a manner similar

to that of a portion of an infinitely long hull. Hence, hemispherical end clo-

sures having a wall thickness one-half that of the cylinder were considered as

providing free end restraint conditions.

Specimens 3 through 8 had one end of the cylinder capped with a
16-inch-OD, 1-inch-thick concrete hemisphere and the other end with a steel

plate closure. Specimens 9 through 12 had one end capped with a 16-inch-OD
x 2-inch-thick concrete hemisphere and the other end with a steel plate closure.

The 1 -inch-thick hemisphere was used at one end so that any variation in the

structural behavior along the length of the cylinde' vuuid oe caused by the
various plate closures arid the cylinder would respond as a semi-infinitely

long cylinder with one end restrained. Even though the 1 -inch hemisphere

would provide the desired free restraint conditions, it would produce an edge

bearing effect which might influence the hull implosion behavior. The 2-inch

hemispheres were used to avoid edge bearing effects, although the thicker
hemispheres would somewhat restrain cylinder deflection.

A cylinder length-to-diameter ratio of 2.0 was chosen because, as

determined by Haynes and Ross, 1 a cylinder with an L/D. ratio of 2.0 or
greater behaved as an infinitely long cylinder Therefore, any variation in

structural behavior caused by varying the end closures could be assumed to

be the result of changing the restraint at one end of the cylinder and not of

any influence at the other.

3
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The steel plato end closures are shown in Figure 1. Specimens 3
and 4 had a stpel plate end closure which simulated a pinned end condition.

The closure was designed to permit nearly free rotation v'hile preventing

radial displacement. As shown in Figure 2, a steel ring was grouted between
the bearing edge of the closure and the concrete cylinder. This ring prevented
excessively high bearing stresses. Because the ring was grooved and flexible,

it did not restrain the cylinder rotation.

Specimens 5, 6, 9, and 10 had a beveled steel plate end closure

(Figure 3). Both the plate and the cylinder were fabricated with a 45-degree

beveled edge. This configuration was designed to partially restrain both the

radial deflection and rotation of the cylinder. The beveled condition also
represented a design which might be practical for movable closures.

The steel plate closure for specimens 7, 8, 11, and 12 was designed
to ensure full fixity of the cylinder end by restraining radial deflection and

rotation. The fixed end closure (Figure' 4) tit around the cylinder end so

that the cylinder penetrated the plate 3 inches.

Fabrication of Specimens

The concrete Itechnically a microconcrPete or mortar, because the

largest aggregate passed a no. 4 sieve) used to cast both the cylinders ind

hemispheres had a compressive strength ranging from 5,910 to 10,640 psi

and elastic moduli from 2.4 x 106 to 3.8 x 106 psi. Details of the mix design
and physical properties of the concrete are presented in Appendix A.

The cylinders were cast vertically in rigid steel molds (Figure 5). The
molds were machined to diameter tolerances of t 1/32 inch, and could he

separated into parts for easy removal from the cast cylinder.
The two cylinder sections which were to have the same type end

closure were cast on the same day but from different batches of concrete.

During casting, the concrete was vibrated both internally and externally to
assure good compaction and homogeniety. The molds were removed one

day after casting, and the sections were cured in a frg room at 100, RH
and 73°F until the concrete aged 28 days. Upon removal from the tog
room, the cylinders were stored at room conditions within a building

while being instrumented and having the end closures attached.
The concrete hemispheres were cast in rigid aluminum molds.

External vibration was used during casting to ensure compaction. The

hemispheres were cured under the same conditions as were the concrete

cylinder sections. The flat edges on the cylinders and hemispheres were
ground smooth and plane by rotating the sections on a sheet of plate glass

covered with water and silicon carbide grit no. 60.

!5



(a) Pinned. (b) Beveled.

(c) Fixed.

Figure 1. Steel plate end closures.



Figure 2. Pinned end closure with bearing ring in cylinder.

Figure 3. Beveled end closure with cylinder and hemispherical end.
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Figure 4. Fixed end closure with cylinder and hemispherical end.

Figure 5. Rigid steel mold partially assembled for casting.
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The steel end closures were machined from 6-inch-thick A36 steel
plate. Dimensions were within a tolerance of ±0.005 inch. Drawings of the
plate closures are shown in Appendix B.

The end closures were epoxy-bonded to the cylinders while the
cylinder was in a vertical position. The hemispherical closures were placed
first (Figure 6), using a high-strength epoxy (Furane Plastics, Epocast 8288).
After I week the cylinder was inverted, and the other closure was fitted in
place. For specimens 1 and 2, the second hemisphere was epoxy-bonded to
the edge of the cylinder. For specimens 3 and 4, steel bearing rings were
grouted to the cylinder interior surface with a neat cement paste, then the
pinned end closure was epoxy-bonded to the edge of the cylinder. The
pinned end closure fit snugly into the bearing ring. The beveled end clo-
sure was epoxy-bonded to specimens having beveled edges (Figure 7) with
a bond approximately 0.020 inch thick. To attach the fixed end closure,
the deep groove of the closure was painted with a thick coat of a low-
viscosity, steel-filled epoxy (Furane Plastics, Epibond 154) and the closure
was lowered onto the cylinder. The epoxy flowed sufficiently to ensure
that the bond between the closure and the cylinder was complete and that

the closure was correctly seated.

Figure 6, Hemispherical closure being epoxy-bonded to cylinder.

9



Figure 7. Beveled end closure with differential transformer ready for banding.
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After assembly, each speOmen was coated wi'th a waterproofing

epoxy so that the concrete woald remain dry dturing pressuit, testing.

Instrumentation

Specimens 1 through 8 were instrumented with electr ical resistance

strain gages (BLH A-5-1 -S6) located on the exterior surface in the hoop

direction only- Specimens 9 through 12 were not instrumented. Figures 8

through 11 show the gage layout fot the free, pinneJ, beveled, and fixed end

conditions, respectively. The gage layouts for the specimens were rmilcr in

that they measured the hoop strains along two radially opposite lines parallel

to the cylinder axis. The strins along these lines, designated A and B, show

the influence of the end closure on the radial displacem-nent relative to the

distance from ti e closure. Six gages were placed around the cylinder at

locations 2,8, and 16 inches from the edge of t te closure. These strain

measurements ar ounci the cir curnference show cylinder out of-i ()undress

and the development ot flat spots.

The strain gages were attached to the cylinder with an eihoxy
(EPY 1,50) and were waterproofed with a microcrystalline wax.

.. . 1 1" 2"' ,-- 4" -.. . . . . . . . . . . . .-- - 2" L=

not to scale

00
+ 2 gages
a 6 gages hne A - T----- location for two and six gages

:3000 600) location for six gages only

2400 1200

line B -o location for two and six gages

1800

Figure 8. Strain gage layout, specimens I and 2 (free end closures).
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+1 2 gages not to scale
36 gages

Figure 9. Strain gage layout, specimens 3 and 4 (pinned end closures).

- - - 30" from opposite end---
1-1/2" 1-1/2"

- . t" ,l" t" f - 2 - -4 .. ._ 4" - -- 2"' -

- + 0 + 0 +

+ 2 gages not to scale

o 6 gages

Figure 10. Strain gage layout, specimens 5 and 6 (beveled end closures).

1/2 34 1-1/2" 1-1/2"

- 2 gages not to scale

O 6 gages

Figure 11. Strain gage layout, specimens 7 and 8 (fixed end closures).
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A linear differential transformer was used on specimens 3 through 8
to measure the interior radial displacement of line A at a distance 1 to 3 inches
from the closure. The transformer (pictured in Figure 7) was used principally
to provide data for comparison with the exterior displacements measured by
strain gages. The transformer was connected to a bracket having a highly
magnetized base plate which rigidly adhered to the steel end closure.

During assembly of the specimens the strain gage lead wires were
run down the exterior of the cylinder, through a penetration in the lower
hemisphere to the interior, then out of the cylinder through the upper end
closure. The lower penetration was potted with epoxy. The lead wire from
the differential transformer was brought out of the cylinder through the upper
end closure.

During the pressure test, strain gage readings were recorded on a
Datran I Strain Indicator and Recorder System. The measurements were
within an accuracy of ± 10in./in. The differential transformer was moni-
tored with a N-type strain indicator previously used to calibrate the
transformer.

Test Procedure

All specimens were tested in the 72-inch-ID x 160-inch-long
hydrostatic pressure vessel at NCE L. After the specimen was attached to
the head of the vessel (Figure 12), the cylinder was partially filled with water
to reduce the violent forces created by implosion. The strain gage and differ-
ential transformer lead wires were brought out of the vessel through the
connection in the vessel head.

The specimen was then loaded under hydrostatic pressure at a rate
of 100 psi per minute between data recordings until implosion occurred.
Strain and transformer readings were taken every 100 psi. The time
required to record the data was approximately 30 seconds, during which
the pressure loading was held constant.

After implosion the specimen was removed from the vessel and
inspected.

TEST RESULTS

Failed Specimens

The failure mode of specimens 1, 2, 3, 4, 5, 6, and 8 was a bearing
shear type failure at the joint between the concrete hemispherical end
closure and the cylinder (Figure 13). The shear plane was at approximately

13



a 45-degree angle and ranged between one-sixth to one-half of the circumference
at the joint. The failure plane was not limited to the cylinder section but ran

continuously, through the cylinder, epoxy joint, and hemisphere. In every case
hemisphere fragments remained firmly bonded to the cylinder.

Implosion of specimen 7 was caused by a local failure of the concrete
hemisphere (Figure 14). The sides of this local failure showed the typical con-

crete compression failure observed in previous studies of concrete spheres. 3, 4

The failure mode of specimens 9, 10, 11, and 12 was a concrete
compression type failure of the cylinder (Figures 15 and 16 show typical
examples). The shear plane angle was between 30 and 45 degrees tangent
to the exterior surface and ranged between the bottom and top of the hole
(Figure 15). The failure plane was located between 4 and 12 inches from the
edge ot the steel plate end closures. This failure mode was identical to that
observed by Haynes and Ross1 on 2-inch-thick cylinders capped with 2-inch-

thick hemispheres.
Forces created by implosion caused the bond to break between the

(ylinder and the oinned and beveled end closures. The fixed end closures
remained attached to the cylinders. The steel plates showed no damage or

dimensional change after the test.

Figure 12. Cylinder with fixed end closure being lowered into pressure
vessel for hydrostatic test.
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Figure 13. Bearing shear failure at cylinder edge for specimen 1.

Figure 14. Local failure of hemispherical end on specimen 7.
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Figure 15. Failure of cylinder section for specimen 9.

Figure 16. Close up of failure plane of specimen 9.
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Implosion Data

Implosion test results are presented in Table 2. The implosion
behavior of the specimens was compared using the ratio of implosion pres-
sure 'o concrete strength, Pim /f,. This ratio accounts for differences in
implosion pressures caused by variation of concrete strength.

Table 2. Implosion Test Data

Spt( l ien End Imnploior Preissu re, P~ Con cre te

No. Cnnritio)n (ps "teIqi.~
C

1 iree 1,800 7,860 0.229

2 free 2,195 9,800 0.224

3 pinned 2,300 9,420 0.244

4 pinned 2,355 9,270 0.254

5 beveled 1, 1 45 5,040 U 193

h bteveicd 1 .350 5.91 (i 0. 20

7 fixed 2,2 75 9,10H 0.25U(

tfix'd 2.79i) 9,260 0.2 3t,

beveled 2,6b5 1 0,480 0.21)"
1Jbivi'led 2,48o 10,640 0. 2 -)'

1 1 tI xred 2,W8!5 8_70o 0.32)

12 i Ixc"d 2,4,35) 9.580 0.21A

tb 2i i ti lierrrniqiert 2,601li,21 .5

2' in i noi~sfr, 'r ,800) 101 1 0~ i 0.77

STirh r'ic stri'noth is aii averaqe .4 six 3 x brin, it roirin
(y i tridt rs ti iadt I rice1 lWii' sit It .umfr. s i tj; sd I t asf I b.i

, VI i fId, -r set Iior i

by~ Da~ frnt k'xpo'rrinit\, biy Hayne. ,rrid H. is. onii tqiire

i,viiiidetrs wilt) LID0 = 2 0 aind wiltU lin, It OD x 2 irii~
wal thi kness twfiiisplifticl cA ii sorri, im oaii end1
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Strain Data

Figures 17 through 24 present the exterior hoop strains of lines
A and B versus the distance from the edge of the end closure for specimens
1 through 8, respectively. So that the various specimens could be easily
compared, the strains were plotted at two pressure levels corresponding to
two ratios of applied pressure to concrete strength of the cylinder section,
P/fr = 0.10 and P/fr' = 0.20. The measured "distance from edge of closure"
for specimens 1 and 2 was the distnce from the hemisphere-cylinder joint,
for specimens 3 and 4 it was from the bearing point of the pinned end clo-
sure, for specimens 5 and 6 it was from the interior edge of the bevel of the
cylinder section, and for specimens 7 and 8 it was from the edge of the
interior face of the fixed end closure.

Figures 25 through 32 present the exterior hoop strains around the
circumference at 2, 8, and 16 inches from the edge of the closure versus the
degrees around the circumference for specimens 1 through 8, respectively.
As before, the strains were plotted at two ratios of applied pressure to con-
crete strength. Line A was designated as the 00 point, and the angle around
the circumference increased clockwise ds one would view the cylinder from
the end with the steel plate closure.

4,000

Line A
-- 'LineB 8
... .... Analysis

3,000 LStrain on infinite-length
3000 -cylinder (from Reference 1)

" ' . .. __P/fc 
= 0 ."2

0

0

LU

0

1,000 .. ._ . . /c .1 _

0 5 10 15 20

Distance From Edge of Closure (in.)

Figure 17. Strain along length of specimen 1,
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3,000

0

4Strain on infinite-length
Icyl inder (from Reference 1)

1,00

00

0 0 52 10 240 006
Degrenes ronEdeo Ccufre (ne

Figure 25. Ctirumonerenl strfn specimen 1.
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II

C

60 120,80 24

300036

Degrees Around Circumference

Figure 26. Circumferential strain, specimen 2.

400 Distance from incheof closure--

--- inches- _ __ --

--- 16 inches

3,"0~__

2,000 __

0
0

Ui1,000

0 60 120 180 240 300 360
Degrees Around Circumference

Figure 27. Circumferential strain, specimen 3.
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4,000 I
Ditance from edge of closure

-2 inches
___ --- 8 nches -- _

-- 16 inches

.S N

c .P/f 0.20

0

0

w

0 60 120 180 240 300 360
Degrees Around Circumference

Figure 28. Circumferential strain, specimen 4.

3 000 1__ 1_1
Distance from edge of closure

I - 2 inches

-- 8 inches- _ _ - _ -

c --- 16 inches

S2,000' _ __ _ P/f 0.15

A l

000 10 10 4 0 6
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3,000 - ________________________ __

A-- -~---~---P/f' 0.20

S2,000-

0.
o Distance from edgnce o sur _

tj 1,000 / 02

P/fL = 0.10

01
0 60 120 180 240 300 360

Degrees Around Circumference

Figure 30. Circumferential strain, specimen 6.

4,000

Distance from edge of closure
-2 inches

3,000 -- 8 inches
16 inches
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0200 0-
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4,000 r 1

Distance from edge of closure
-2 nches
- -- 8 inches

16inches pf 02

T--

r 7I

I I_

0 0 0 180 240 300 360
Degrees Around Circumference

Figure 32. Circumferential strain, specimen 8.

Linear Differential Transformer Data

Di tor e n tial t r tistur metf wet e Pnrot Used On) soeci meris 1 and 2. The,
n' l imtrs nn scimens 5 and 7 wvere inoperable becaiuse wh en toe cIosu es

Vw10 T epOXIOJ !o ttue hlli is'omie epoxy had flowed down the inner side- of the
'i. i n )(-rnd , the, rod t o Ithu, vod Figuore 3.3 shoiws P/f, plIot Ited vortis tOw
nri'id- idl +,Iet on andaatd interior hoop strain fur specimens 3, 4,

Finite Element Analysis

The- finite element techincim ucwas use d to analyze specimens 1 , 3, 5,
'rIn 7. T he c oncrete, strenrtt hs of each cylinder and the bi i near str ess-srraini

uvi- f r [ thf h curi iretes wvere, used in the aria lysi s ( ie, bilinear curve Is dis-
in Arpendlix A). The= results ot The analysis are plotted along with

thA pit; nial datej on Fictres 1 7, 19, 211 , and 23 for tie respective

qifirnens. It was assii med that there was no initial on I -of-roll nidness in
anry (yIiridefr vid tfii tore no development (,) a flat spot as load was applied.

Sin tlif, arav i, necharii( al properties of the cylinder also were used tot



the hemisphere end. The connections between the cylinder sections and
the steel plates were assumed to be "perfect" connections; that is, there was
no discontinuity between the cylinder and the "pin" for specimen 3, the
beveled plate was symmetric with a uniform epoxy joint for specimen 5,
and full fixity occurred at the joint between the cylinder and the plate for
specimen 7.

The exterior radial displacements were calculated for specimens
3, 5, and 7 at the positions where the differential transformers were located.
These data are plotted in Figure 33 along with the experimental results.

DISCUSSION

Implosion Behavior

Lamp's elastic thick-wall theory was used to predict the implosion
pressure or the cylindrical hulls by assuming that failure of the cylinder

occurred when the interior hoop stress reached the ultimate concrete
strength. The Larne expression is

Pim (r ) (1)
0

where P, = imploision pressure (psi)

fC = ultimate uniaxial concrete strength (psi)

r, - interlor ra Jiis, which is the location under consideration (rll.)

ro  ''\ter or reJus (in.)

VVIhn the dimensions ot tIve speci mens are substituted in Equation 1

the res Jltleq irmplosion pressure is

P Om = 0.219 f, (2)

()r the rat io or implosion pressure to concrete strength (P, m/f,) is 0.219.
All specimens except specimen 5 imploded at a pressure higher than

that predicted by Lam's equation. The Pm /F rdtio for specimen 5 was 12,6
lower than 0.219. The average Pm /f, ratio for specimens w through 8 was
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0.232, for specimens 9 through 12 it was 0.266, and the average for all

specimens was 0.244. Haynes and Ross1 found that the Pm /f.' ratio for

cylinders with a L/Do ratio greater than 2.0 ranged between 0.220 and

0.277 with an average of 0.250.

0.25 1 T-T7-

specimen 6 Z specimen8

-analytical 5 specimen

" 0.20 _ W

Id) 3 /

0.15

0
2 A

*' , 'Notes:

ii 0.10
/ 1. Analytical exterior deflections were calculated

Vii Jusing the finite element analysis.

" 2. Specimen 3 and 4-Pinned end closure, radial
deflection 3 inches from edge of closure.

closure -

S0.05 , 3. Specimen 6-Beveled end closure, radial
I0e0 r a d i a l

o "deflection 1 inch from edge of closure.

4. Specimen 8-Fixed end closure, radial
__ 1 deflection 1 inch from edge of concrete.

0 0.005 0.010 0.015 0.020 0.025 0.030
Radial Deflection lin.)

o 1,000 2.000 3,000 4,000 5,000
Interior Hoop Strain (plin./in.)

Figure 33. Linear differential transformer data: radial deflection and
interior hoop strain near end closure on line A.

ThoerMore, tne specimens ot this study generally failed at pressures

ieWveeri those which caused failure of "Infinitely" long cylinders and those

predJicte(J by elasti(. theory.

The mode of failure observed by Haynes and Ross' was that a section

of the cylinder imploded by forming a shear plane approximately parallel to

the cylinder axis. An identical failure mode was observed in specimens 9
thr iigh 1 2. The shear plane in the latter specimens occurred near the

hernisphericall closure rather than near the plate closure. Although both

closures induced a strain increase about 8 inches from the edge, the stiffer

clOsure apparently restrained the cylinder more than did the hemisphere,

allowing the concrete to collapse near the hemispherical closure. Except

for sphere 7, specimens 1 through 8 failed by concrete shear created by high

hearing stresses on the edge of the cylinders. This mode of failure caused
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specimens 1 through 6 and specimen 8 to implode at pressures an average 15%
lower than implosion pressures of specimens 9 through 12 and an average 8%
lower than those recorded in the previous study. Table 3 lists the end bearing

stresses produced by the hemispherical closure, the concrete strength of the
cylinder section, and the percentage difference. The bearing stress at implo-
sion was essentially equal to the concrete strength. This indicated that the

specimens failed because the bearing stress reached the ultimate concrete
strength.

Table 3. Bearing Stresses Produced by I-Inch-Thick Hemispherical Closures

Calculated Concrete Strength Difference Between
No. ' Bearing Stress of Cylinder Section, f Beariiig Stress and

No. at Mposin (si Concrete Strength'at Implosion Ipsi)11%

1 7,680 7,860 -2.3

2 9,380 9,800 -4.3

3 9,810 9,420 +4.1

4 10,050 9,270 +8.4

5 4,880 5,940 -17.8

6 5,760 5,910 -2.5

7 9,700 9,100 +6.6

8 9,350 9,260 +1.0

bearing stress - fC' Difference fx 100.

Strain Behavior

The strains observed in these experiments were exterior strains only.
It is logical to assume that the locations of maximum exterior and interior
hoop strains were the same and that the structural response at the exterior
was similar to that at the interior. Elastic thick-wall theory predicted that
the interior strain would be 33% greater than the exterior strain; Haynes and
Ross found that the interior strains were between 33% and 50% greater.'
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Therefore, in reviewing the graphs of "strain versus distance from edge of
closure- (Figures 17 through 24), the reader should recognize that the
maximum strains were more than one-third greater than those recorded.

Strain Variation Along Cylinder Length. The influence of the end
closure on the strain along the cylinder length is reviewed for each specimen
in Appendix C. Generally, the pinned, beveled, and fixed closures produced
similar cylinder behavior nearly complete restraint against radial deflection
at the cylinder end, a maximum deflection at a distance approximately 8
inches from the edge of the closure, and significant shear strain in the region
between the end closure and the point of maximum deflection. The influence
of ali cl.]c-ures was limited to a distance of approximately 16 inches from the
enld.

This behavior was similar to that observed by Haynes and Ross 1

I r ir tesiults of "strain versus distance trom edge or closures" are shown in
FgqLure 34. On all the various length cylinders, the closures were 2-inch-thick
h mispfieres. Hoop strains were measured irom the closure edge to the
nilength of the cylinder. The response of cylinders with L/D o = 1 and
L/D 0 = 4 was similar to that of specimens 3 through 8 restrained deflection
nr0 till (lOsIre, increased deflection between 4 and 8 inches iron) the edge,
and more uniform deflection beyond 16 Inches for the cylinder with L/D. = 4.

The cylinder with L/D 0 = 8 showed that beyond 16 inches front the
edge, the strains were relatively unitorm. These stralns are Indicative of those
01 an ininitely ionq cylinder. Th strain values between 16 inches and 64
011 he0 irm tho eIge wer -, averaged at the two pressure levels (P/f' = 0.10
ari'j ()-.'0 i on tho cirider wii L/D ° : 8 The averaes reprosent a b nase lIne
sttatri vaili for an ii i , ItH orig (ylirider. These averages were plotted on
F r 7 throm(.lli 24 as a omnp,i son for the experimnerntal strains found at
16f irs')Ios il(irll tth'' losar '' Iti gernus al those base ine values were bfetween thw
-;twinrs r''ordrod on line A irj line B t 16 riches from the ed(ge or were rar 1,

t- 0, Is () t tho)se strinfl vaIIlets This zigi(eernent shows thaf the strains
otairied at I o iiclies from the olosure ori specimers 1 through 8 were repie,
s'rntativf of the -trins ot an n irhiely long cylinder, and the agreement vert fes
that the lintluerce, .t the closu|re- Is Ilnlted to a distance of one outside diameter
trurn the edge of the closure.

Th, maximorn aii deflection was a result of a longitudinal moment
t reated by thw bear ing load of tthe enPd closure on the cylinder in conjunction
with tie uniforr cylinder deflection. As pressure loading was applied and
The concrete cylinder (deflecled radially, a moment arm was developed between
the restrained end of the cylindet and portions farther trom the end (Figure 35).
Thfe longi tudinal moment thus crea t,,d caused an ncr eased radial detiection
approxinately 8 irrches froi th' ,+dgqo ()i the clostre.
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Figure 34. Comparison of exterior hoop strain behavior for cylinders of

different lengths. (After Reference 1.)

A relative measure of this maximum deflection is the ratio of the

maximum hoop strain and the strain at the midlength of the cylinder (16
inches from the edge). This ratio, termed strain magnification ratio, was cal-
culated for the first eight specimens using strain values of both line A and
line B, for the four models analyzed by the finite element method, and for
the cylinder with L/Do = 4 tested by Haynes and Ross. 1 The strain magni-
ftiaton ratios are listed in Table 4. A high ratio implies that the end-closure

condition caused a larger strain (radial deflection) in the cylinder than that
found on d cylinder of infinite length; a low value of the ratio means that
the end-closure condition had little effect on the maximum strain behavior
of the cylinder.
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Longitudinal Cylinder Section

closure
ed greater than one outside diameter

a. Cylinder under external
presure loading, radial--

deflection restrained by
end closure.

b. Moment arm
developed by
differential
radial deflection.

moment arm

c. Actual deflected
shape. Longitudinal-Aii-
moment causes
increased deflection

near L/D o = 0.5.

Figure 35. Schematic diagram of cylindrical hull deflection when radial

deflection is restrained at one end.

32



Table 4. Strain Magnification Ratio at P/f, = 0.10 and 0.20'

Strain Magn fication Ratio at-
Specimen

and P/f' = 0.10 P/fc = 0.20
Closure Type

Line A Line B Analy;is Line A Line B Analysis

1, free 0.24 0.12 0.10 0.19 0.00 0.14

2, free 0.14 0.17 - 0.24 0.27 -

3, pinned 0.11 0.16 0.03 0.12 0,11 0.03

4, pinned 0.14 0.07 - 0.20 0.08 -

5, beveled 0.13 0.08 0.04 0 . 1 5 " 0 .2 4b 0.04

6, beveled 0.27 0.00 - 0.03 0.00 -

7, fixed 0.24 0.40 0.02 0.21 0.25 0.03

8, fixed 0.75 0.12 -- 0.32 0.21 -

Cylinder with L/D o 4 0.24 - 14 -

of Reference 1

Strain ratio - r Ilaximurn strain - strain at 16 inches
strain at 16 inches

b Ratio at P/ff 0.15.

The experiments showed that ail cylinders had a magnification ratio
greater than 10%, which indicated that all end closures produced a significant
strain increase. Specimens 1 through 6 and the cylinder with L/D. = 4 of
Reference 1 had similar ratios, the free, pinned, beveled, and 2-inch-thick
hemispherical closures caused approximately the same strain increase. Spec-
imens 7 and 8, with the fixed end closure, had greater strain magnification
ratios. It is believed that the moment induced by the fixed end closure in
conlunction with the longitudinal moment created by the end bearing of
the closure produced the larger maximum strain increase.

Strain Variation Around Cylinder Circumference. In general the

differences in circumferential strains in a single specimen were as great as
the strain differences caused by varying the end closures between specimens.
Apparently the end closures did not prevent flat spot development near the
cylinder ends; all sections of the cylinders developed similar out-of-round

conditions.
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The circumferential strains at 2, 8, and 16 inches from the closure

showed the out-of-roundness and the unsymmeiric response of the eight
cylinders, The circumferential strain data in Figures 25 through 32 have
been reduced to quantitative parameters at two pressure levels (P/f"c = 0.10
and 0.20) and are listed in Table D-1 of Appendix D. A nondimensional
"roundness ratio" was computed as the difference between the maximum

and mean strains divided by the mean strain. This ratio was determined at
locations 2, 8, and 16 inches away from the edge of the closure and at pres-
sure levels P/f'. = 0.10 and 0.20. The roundness ratios are listed in Table 5.

Table 5. Roundness Ratio at Pc - 0. 10arid 0.2C'

Roundness Ratio at-

So, ,irT i P/fc 0.10 P/fc = 0.20

No.
2 Inches 8 I ncnes to Inches 2 Inches 8 Inches 16 I Inches

Fr or From F rom Fron Fron F rom
Closure Clusre Closure C IlsOre CIOSurP Closure

1 0.7 0.0) 0.16 0.1(- 0.16 0.33

2 U.1 0. 13 0.38 0.08 0.16 0.44

U I 0.27 0.07 0.04 0.20 0.18

0.22 1.08 0.04 0.25 0.11 0.12

0.'5 ).22 0.00 0 .0 9 b 0 .2 7 b 0.15E)

6 1 27 0.21 0.08 1.36 0.27 0.20

7 0 17 u.47 0. 11 0.32 0.20 0.09

8 0.31 0.16 0.19 0.38 0.18 0.17

" i irRi ixltlrn ( irc-iumferpntlal strain - mean circumferential strain
mean crcurnferential strain

b Rati' j! P/f 015.

A high roundness ratio indicated that the cylinder was deflecting
considerably more in one area than in another, that the cylinder was out-of-
round, and that a flat spot was developing. A lower ratio value showed that
the cylinder was maintaining uniform curvature and equal deflection around

the ci cumference.
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The roundness ratios listed in Table 5 indicated that out-of-roundness
was random. In general the cylinders were not restrained from developing a
flat spot near the closure; out-of-roundness at the midlength was not signifi-
cantly different from that near the closure.

A comparison between the nondimensional roundness ratios and
strain magnification ratios showed that out-of-roundness produced as much
strain deviation as that produced by the end-closure condition. The end clo-
sures induced higher absolute strain values near the cylinder end, but these
strain increases did not appear to alter the flat spot development.

A further discussion of minor differences in circumferential strain
is continued in Appendix D.

Comparison Between Experimental and Analytical Results

The finite element analysis predicted behavior similar to that
observed, except that the calculated strains were between 0% and 130%

less than those recorded. Figure 36 compares the experimental and analyt-
ical results by showing the maximum strain occurring between the closure
and 16 inches from the closure and the strain at 16 inches from the closure

(tor the experimental results, the mean strain listed in Table D-1 is shown).

Maximum Strain < 16 in. From Mean Strain 16 in. From
Edge of Closure Edge of Closure

4 Experimental results Q Analytical results

10

no. 1 no. 3 no. 5 no. 7 no. 1 no. 3 no. 5 no. 7
Specimens

Figure 36. Comparison of experimental and analytical strain results at
P/fc = 0.20.
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The analysis was closest for the cylinder with the 1-inch-wall-thickness

hemispherical closures at both ends, because no abrupt discontinuity in radial

stiffness was introduced. Where more rigid end-closure restraints were intro-

duced, the actual response of each finite element along the cylinder length

was different from that of its neighboring element because of the nonlinearity

of concrete and because of the influence of triaxial loading on the concrete

properties. This difference in response was particularly important near the

closure. The bilinear stress-strain curve used in the analysis did not accurately

account for these real differences in response between the elements.
To analyze the structures more accurately, the real concrete stress-

strain curve should be used in the computer program. Nevertheless, the linear

analysis does show the areas of stress concentration, which may aid the designer
in selecting the closure which induces the least stress conditions.

For cylinders with metal plate end closures, the maximum radial

deflection was found both analytically and experimentally at a distance about
one-halt the outside diameter from the closure edge.

FINDINGS

1. Vat iations in the stiffness of cylinder end closures did not significantly
alter the short-term implosion pressures of concrete cylindrical hulls from

those pressures determined by Haynes and Ross. 1

2. By using the concrete strength (f,:) as the failure stress, Lamies elastic

thick-wall theory predicted implosion pressures less than those of the models,
which had a t/D o 

= 0.125, by approximately 10%.

3. For specimens with a 1-inch-thick hemispherical end closure, implosion
resulted from a high bearing stress produced at the joint between the 1-inch-
thick hemisphere and the 2-inch-thick cylinder section.

4. For specimens with a 2-inch-thick hemispherical end closure, implosion
resulted from a concrete compression failure in the cylinder at a distance

approximately one-half the outside diameter from the hemispherical closure.

5. The pinned, beveled, and fixed end closures produced similar cylinder

behavior. Maximum radial deflection occurred at a distance from the closure
equal to about one-half the outside diameter, and a region of high shear strain

existed between the end closure and the point of maximum deflection.

6. Cylinder out-of-roundness and flat spot development caused as much
strain variation in a specimen as that produced by the different end-closure
conditions.
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7. The influence of the end closures was limited to a distance equal to one
outside diameter from the edge of the closure.

8. A finite element analysis using a bilinear stress-strain curve for concrete
predicted the general behavior of cylindrical hulls with various end closures,
but the analysis yielded strain values less than the values observed.

SUMMARY

Variation of end-closure stiffness did not reduce the implosion
pressure of cylindrical concrete hulls below the implosion pressure of a
cylinder with a free end condition or below the implosion pressure predicted
with Lame's theory. However, rigid end closures produced a severe shear
strain near the closure and a maximum radial deflection at a distance
approximately one-half the outside diameter from the closure restraint.
The influence of end-closure stiffness was limited to the region one outside

diameter from the closure.

RECOMMENDATIONS

In designing cylinder end closures and cylindrical hulls, the
following guidelines are recommended:

1. The bearing load of the end closure on the cylinder should be applied

at the center of cylinder wall thickness.

2. The closure stiffness should be approximately the same as that of the
cylinder to reduce the maximum strains and create a uniform strain condition

along the length of the cylinder.

3. Penetrations in the cylindrical hull should not be placed in the high-shear

area between the closure and one-half the diameter from the closure.

4. Lame's equation for thick-walled cylinders (Equation 1) may be used for
a conservative prediction of implosion pressure for cylinders with t/D. = 0.125.

5. Long-term operating pressures for cylindrical hulls with end-closure
restraints should be based upon the maximum strain occurring at one-half
the diameter from the closure rather than on the uniform strain found at one
diameter or more from the closure. The operating pressure based on maximum
strain could be as miuch as 30% less than the pressure based on strain of an
infinite-length cylinder.
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Appendix A

CONCRETE PROPORTIONS AND PROPERTIES

The concrete material constituents were portland type III high
early strength cement, San Gabriel River Wash aggregate, and fresh water,

proportioned as follows: aggregate-to-cement ratio was 3.30 by weight and
water-to-cement ratio was 0.55 by weight.

The aggregate was supplied to NCEL kiln dried and bagged. The
aggregate was proportioned as shown in Table A-1. All material passed the
no. 4 size sieve, therefore, ie mix was technically a mortar or microconcrete.

Table A-1. Aggregate Proportions

Steve Size

Desiqgnation Percent
Retained

Passmig Retained

no. 4 no. 8 29.6

no. 8 no. 16 20.8

no. 16 no. 30 14.7

no. 30 no. 50 10.3

no. 50 no. 100 7.3

no. 100 pan 17.3

The concrete compressive strength, modulus of elasticity, and
Poisson's ratio are presented in Table A-2. The results were obtained from

3 x 6-inch control cylinders tested Linder uniaxial compression the same day

the cylindrical structure was tested. The concrete used in the hollow cylinder
sections had an average compressive strength of approximately 8,830 psi and

average secant modulus of elasticity of 3.37 x 106 psi.
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A bilinear stress-strain

relation was determined for the
f E. CU concrete of each specimen. An

B elastic modulus (Ee) and a plastic

modulus (EP) were determined so
that the area under the bilinear

A stress-strain curve was equal to

f the area beneath the actual curve.
i" As shown in Figure A-, Ee was

found by (1) finding the strain (e )
at one-halt the concrete strength

(1/2 f,) and drawing a vertical line

at c v  (c - ) (2) drawing a straight

Strain line (OA) so that Ihe area bounded
by OA and line c = cv was equal to

Figure A-1. Construction of bilinear the area bounded by the real stress-
stress-strain curve, strain curve and line c = ev. The

slope of line OA was the Ee. The

plastic modulus was found by (1)

drawing a vertical line through the ultimate strain (c =  
u ) , (2) drawing line

AB so that the area bounded by e = cy and line c = c. was equal to the area

bounded by the actual stress-strain curve and line e = E.. The slope of line

AB was EP
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Appendix B

DRAWINGS OF CYLINDER END CLOSURES
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drill 1" hole-typical tap 4 holes-5/8"-1 1 NC,

1-1/2" deep 4" DBC-typical- 1601 6-0i

2.00"

1.001"
0.25 rgadl l

2.00"

"IF ' " -11.44
' -  - - '  - D

0.25 114goved 0.20" deep

jjIf-jjl 
at 2.0" 

intervals

Figure B-i. Pinned end closure and bearing ring.

16.50" diam

2.00"IW3.00"
10.50"da

Figure B-2. Beveled end closure.

[-.. 20.00" diam

2.00"

3.00"

11.94" .-- |

16.06"

Figure B-3. Fixed end closure.
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Appendix C

DISCUSSION OF STRAIN BEHAVIOR
ALONG CYLINDER LENGTH

FREE END CLOSURE (SPECIMENS 1 AND 2)

Figures 17 and 18 show that the 1-inch hemispherical end closure

affected the behavior of the cylinder. Though the hemisphere provided free

end restraint, it induced edge bearing stresses in the cylinder, causing increased

strain at a distance of 4 inches from the cylinder edge. Figure 17 shows that

at the lower loads the corresponding strains on lines A and B of specimen 1

were the same but at higher loads line B had much higher strains. It is likely

that such strain increases were due to nonsymmetry of the cylinder.

Figure 18 shows that the opposite sides of specimen 2 had similar

behavior. It appears that the influence of the closure was within a distance

of one-half the diameter from the end and that the strains at greater distances

were nearly uniform.
The behavior of specimens 1 and 2 indicated that the hemisphere

restrained the radial movement of the cylinder at the edge while producing

an increased deflection between 2 and 4 inches from the closure. The bearing

of the hemisphere on the outer edge of the cylinder produced a shear and
moment which increased the radial deflection.

In future design of hemispherical ends, a lower shear distortion and

moment would result from centering the bearing surface of the hemisphere
on the cylinder wall

PINNED END CLOSURE (SPECIMENS 3 AND 4)

Figures 19 and 20 show that the pinned end closures provided

signi"icant restraint to radial deflection at toie cylinder edge. If the cylinders

had c ully restrained at the interior, the exterior hoop strains would have
been approximately 200 pin./in. at P/f' = 0.20 because of the radial com-
pressiblity of the concrete and trie deflection of the steel plate. The actual

strains at P/fc - 0.20 were between 500 and 900 pin./in. These higher strains
indicated that the pinned end closure of the model cannot be considered an
ideal pinned end but rat her one that approximates the pin-type restrainl
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At low loads the effect of the closure was limited to a short distance
from the end. As the pressure was increased the effect became more pro-
nounced at greater distances. The distance from the edge at which the
maximum strain occurred increased as the pressure loading increased. The
maximum strains of lines A and B were between 5 and 10 inches from the
edge.

The strain gradient between the closure end and the point of
maximum strain was nearly the same for both specimens. The gradient
indicates a high-shear area between the end and the point of maximum

deflection.

BEVELED END CLOSURE (SPECIMENS 5 AND 6)

Figures 21 and 22 show that the beveled end closure provided
nearly complete restraint to the radial deflection of the cylindrical hulls.
At P/f', = 0.20, the exterior strains on specimens 5 and 6 at the closure were
between 150 and 250 pin./in. Since a 200-i./in. exte,-ior strain implies zero
interior strain, the beveled end closure permitted almost no radial deflection
at the cylinder edge. This restraint shows that the closure fit snugly onto the
ends, that the cylinders were symmetric at the beveled end, that the epoxy
bond between the closure and the cylinder was good, and that little relative
movement between the closure and cylinder occurred during test.

The closure affected the cylinder behavior within 16 inches from the
edge. The highest strain value was recorded at a distance of one-half the

diameter from the edge.

FIXED END CLOSURE (SPECIMENS 7 AND 8)

Figure 23 shows that specimen 7 was significantly restrained at the
)osure edge. On both lines A and B the strain gradient at the edge indicated

a near zero strain at the joint between the closure and the cylinder. The strain
gradient near the edge was steep, with line B showing higher strain values than
those of line A. As illustrated in Figure 31, line B had strains considerably
greater than the average strain around the circumference of the cylinder.

Figure 24 shows that the response of specimen 8 was similar to that
of specimen 7, except that lines A and B had different behavior. The strains
on line B tend toward zero strain at the cylinder edge, while the strains on
line A do not. This means that at line A the cylinder was not fixed to the
end ciosure at the joint, but the cylinder may be considered fixed at some
point within the closure.
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On both cylinders the maximum strain occurred between 5 and 10
inches from the cylinder edge and its magnitude was over 4,000 pin/in.

Between 2 and 5 inches from the edge there was a strain decrease or a
strain plateau. Such behavior was observed only with the fixed end clo-

sures and was apparently a result of a moment acting at the closure edge-
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Appendix D

DISCUSSION OF CIRCUMFERENTIAL STRAIN

The very large strain difference on specimens 7 and 8 at a distance
of 2 inches from the edge indicated that the specimens were out-of-round
near the cylinder end and that the fixed end closure did not prevent the

unsymmetric deflection of the cylinder near the closure. The fixed closure
apparently restrained radial movement at some points and provided no
restraint at others. For specimen 7, Figure 31 shows that at 00 (line A)
more restraint was provided than at 1800 (line B). This behavior corre-
sponded to the difference in the strain along lines A and B given in Figure
23. Similarly the opposite behavior is shown in Figure 32 for specimen 8.
On one side of each cylinder the closure acted to provide a fixity, while on

the opposite side little restraint was provided. Therefore, the fixed end clo-

sure did not provide the total fixity desired.
On specimen 6 the strain difference at 2 inches from the edge was

larger than at farther distances. The difference apparently was due to a
localized strain increase rather than a general nonsymmetry. Such a sudden
development of a high peak strain would not have resulted from ) general
out-of -round condition, this peak might have been caused by the development

of a crack at that point.
Table D-1 summarizes the circumferential strain data by listing the

strain difference and mean strain at locations 2, 8, and 16 inches from the
edge of the closure and at pressure levels P/f, =0 10 and 0.20. In general,
tne data of Table D-1 show the following

1. The mean strains indicate that the metal plate end closures
restrained the radial deflection near the closure.

2. The similarilty in mean strains at 16 inches implies that the effect
of the end closur, s was negligible at a distance of one diameter.
from the cylinder edge.

3. Strain differences, therefore out-of-round difterences, increased
vvith increasing load.
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Table D-1. Maximumn Minus Minimum Circumferential Strain and Mean

Circumferential Strain at P/fc 0.10 and 0.20

Max imum-M inimrumn Mean Strain (pin./in.)
Strain (pimin.)

Specimen T

No. 2 I nches 8 Inches 16 Inches 2 Inches 8 Inches 16 I nches

From F romy From F rOr From From
Closure Closure Closure Closure Closure Closure

At P/ft 0. 10

1 110 190 230 840 790 740

2 230 180 500 1,040 990 1,010

3280 790 230 70)0 970 970

4 260 210 90 680 1,000 900

5430 350 20 360 990 1,0

6 530 400 110 300 630 670

7 340 810 240 110 860 9 10

8 420 330 390 660 990 840

At P/f = 0.20

1 590 610 8630 2,180 2,080 1,940

2 1411 700 1,630 2,880 2,800 2,7 10

3(11 1,.060 980 270 :3,050 2,930

4 80() 690 580 1,600 2,8 701 2,560

101 81 (- 52(Y' 650J 1,80(y 1.760U'

h 1 .830 1.530 1 .070 1 .0,10 190 2,34(

7 1,240 960 410 1,990o 2.7 10 2,410

8 1,.04( 1. 110 1.070 1,840 3,040 2.540

dSiraini at P/fl o I5
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LIST OF SYMBOLS

D. Outside diameter of cylinder (in.)

Ee Elastic modulus for bilinear stress-strain

relationship (psi)

E Plastic modulus for bilinear stress-strain

relationship (psi)

E, Secant modulus (psi)

f' Ultimate uniaxial compressive concrete

strength (psil

L Length of cylinder (in.)

L/D o  Ratio of cylinder length to outside diameter

P Applied pressure (psi)

P/f'c Ratio of applied pressure to concrete strength

Pim Implosion pressure (psi)

Pim/fc Ratio of implosion pressure to concrete

strength

r i  Interior radius of cylinder (in.)

r°  Exterior radius of cylinder (in.)

t Thickness of cylinder wall (in.)

t/D o  Ratio of cylinder wall thickness to outside

diameter

E Strain (in./in.)

fu Ultimate strain (in./in.)

ey Yield strain (i./in.)

V Poisson's ratio
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INFLUENCE OF STIFF EQUATORIAL RINGS ON CONCRETE
SPHERICAL HULLS SUBJECTED TO HYDROSTATIC LOADING

Technical Report R-735

3.1610-1

by

L. F. Kahn and J. D. Stachiw

ABSTRACT

Thirteen hollow concrete spheres of 16-inch outside diameter x 14-inch
insioe diameter and one sphere of 66-inch outside diameter x 57.75-inch inside
diameter were assembled from hemispheres fastened together with equatorial
joint rings of different stiffnesses. The joint rings were made from polycarbon-
ate plastic, glass reinforced plastic laminate, aluminum, titanium, low carbon
steel, and alloy steel. After instrumentation with electrical resistance strain
gages, the spheres were tested to destruction under external hydrostatic loading.
Equatorial joints that are either considerably stiffer or more compliant than
concrete lower the short-term implosion pressure of the concrete spheres by
as much as 27%; the glass reinforced plastic joint ring did not significantly
reduce the implosion pressure. It is recommended that equatorial joint rings
be designed to have a stiffness approximately equal to that of the concrete
shell and be made of glass reinforced plastic. If stiffer joint rings are used, the
operational pressure should be 30% lower than that of a sphere without a mechan-
ical lock joint mechanism.

Approved for public release, distribution unlimited.

Copies available at the National Technical Information Service
(NTIS), Sills Building, 5285 Port Royal Road, Springfield. Va. 22151
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INTRODUCTION

Statement of Problem

Undersea spherical capsules made of concrete to contain instruments
or some other payload require that the interior be readily accessible for loading
and unloading. Access to the interior may be through a hatch located in a pene-
tration through the hull or by separation of the sphere at the equator. The latter
is, in many cases, preferable, because it permits access to the whole interior of
the capsule for rapid placement or removal of payload.

Exploratory research 1 3 on the incorporation of hatches into concrete
spherical capsules has been conducted, and sufficient data are on hand to per-
mit preliminary design of hatch penetrations in concrete spheres. However,
no information is available on spheres with a mechanical joint at the equator.
Because it is not known what effects a mechanical joint has on the magnitude
and distribution of strains or on the strength of concrete spheres, the design
of equatorial joints for concrete spheres is a matter of engineering judgment.
Therefore, experimental data are needed on the relationship between joint
stiffness and implosion pressure for spheres under hydrostatic loading.

Objective of Study

The objective of this study was to explore experimentally the
relationship between the stiffness of equatorial joint rings and (1) the
implosion pressure of the sphere assembly, (2) the distribution of strains,
and (3) the magnitude of strains in the sphere.

The experimental data generated in this exploratory study serve
two purposes. They permit a rational design of spherical concrete capsules
with equatorial joints and serve as basis for future analytical studies attempting
to correlate the stiffness mismatch between the concrete hull and equatorial
joint ring with the magnitude of strains and implosion pressure of the spherical
hulls.



Background Information

Four previous studies1 4 have shown that concrete is an effective
material for the construction of undersea pressure resistant structures.
Experiments 3 ,4 using concrete spheres with 16-inch OD (outside diameter)

and different wall thicknesses have shown that the implosion pressure, Pim,*
is predictable if the ratio of thickness to outside diameter, t/Do , and the
concrete strength, f.,, are known.

The objective of the first exploratory study1 of concrete spherical
hulls was to establish the basic performance parameters of unreinforced con-
crete spherical hulls. Model concrete spheres with 16-inch OD and 14-inch
ID (inside diameter) were cast using the same mix design and were subjected
to similar curing conditions. When they were tested to destruction, the average
ratio of implosion prpequre to concrete strength (Pim /f:) was found to be 0.293
with a standard deviation of only 0.008.

The second exploratory investigation2 concentrated on the relationship

betveen stiffness of a penetration insert and the implosion pressure of the
concrete spherical hull. Figure 1 shows a typical specimen studied in this
investiqation. The preliminary design guide that resulted from the study
indicates that for round penetrations with a spherical angle less than or equal
to 32 degrees, the penetration insert should be of equal or greater stiffness
than that of the replaced concrete in order not to decrease the implosion
orssure of the spherical hull. A model of an ocean bottom habitat was
biilt and tested to destruction to prove the applicability and validity of
thi fmidin!j. The rtfsuIts from that test v'.rified thi' gc " design guide.

Scope of Investigation

The primary study was an experimental investigation of spherical
m)nr rnlt hull, with equatorial joint rings made of various materials. Eleven

(oncr.:t! spheres were tested ti!) implosion under short-term hydrostatic loading.
Th,: 16-inch-OD x 14-inch-ID spheres were equipped with rings of different
ri rlit es at the joint between the two hemispheres.

The experimental data recorded during these tests consisted of strains
measured on the interior and exterior surfaces of the concrete hull, strains
miisured on the equa .)r ial ring, the pressure at which the sphere imploded,
and the fracture pattern after failure.

A secondary phase of the investigation was to design an operational
equatorial joint for two 16-inch-OD x 14-inch-ID spheres and for a 66-inch-OD
x 57 3/4-inch-ID sphere. These three specimens were also instrumented and
pressurized to implosion, This second phase is described in Appendix A.

A f)ldout Ihst of syimbols a pears after References.
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nsert Insert materials investigated

Plastic (PVC) - E - 0.35 x 106 psi

0V p 4.000 psi

"ius n Aluminum - E = lox 106 psi
radius 8 in.

Steel - E = 30 x 106 psi
Gyp = 90,000 psi

7 in

bonded with

epoxy adhesive

Figure 1. Concrete spherical specimen with penetration inserts

previously investigated.

DESIGN OF EXPERIMENT

Joint ring rigidity was varied over as wide a range as possible to
establish an empiricdi relationship between the rigidity of the ring and the
behavior of the sphere under hydrostdtic loading. The rings selected for this

phas of the irvetiqaticin merely simulated operational lock joints; operational
ones would entail only additional expense without benefiting the test program.

The radial stiffness rnf the rings was varied by a factor of more than

100 by selecting materials with different elastic moduli and by changing the

cross section of the ring. The various test assemblies are listed in Table 1.

FABRICATION OF SPECIMENS

The test specimens were formed from two 16-inch-OD x 14-inch-ID

concrete hemispheres and a 17.40-inch-OD x 13.48-inch-ID x 0.50-inch-thick
solid ring (Figure 2). The concrete hemispheres were formed so that when

the hemispheres and ring were assembled the specimen would be a true sphere
within tolerances of + 1/32 inch in the radial direction.

3
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0.205
0.440 I(P. 0.007 0.218
typ. 1.090 / y , 0.125

LK~x~z~ 0.500

8.700- rad. 6740" rad. 0.125

tl. yp. Type B TYP.

Type A

007 0.200

1.2 50 1.500

Typ C
Typee C

Figure 2. Dimensions of simulated equatorial lock joint assembly.

Hemispheres

The concrete CO'-StituentS were portland type Ill cemnent. San Gabril
Riv -r Wash aggregate, and freshwater The water-to-cement ratio was 0.55 by

dIlit, aridl to agIgregIate-to-cemenI ratio was 3.0by weight. Table 2 presents
T ro po-Jp-rt ions of ti e agqgregate.

Tof .oncrf-tel hemnispreres were cast in a rigid male and female aluminum
rl,(id(Fj I rr' 31 The molds were prepared for casting by initially spraying the
,ilirniium with clear enamel paint and then applying a coat of silica gr(-se. An
r.xternafl form vibrator was attached to the underside of the mold and was in
:p. rit inni th rouglirI the castingr process. The concrete was mixed in a pan-

tVf mixor for rltot il of :3 minumtes and slowly placed into the mold, usually
vioethf rnext 4 mini Vsi Tw ci oncrtej was then screedtd to t1/4 inch below

trif top o'ITy of thfe form



Table 2oportions of Aggregate

Sieve Size Designation Per cent

Passing Retained Rtie

No. 4 No. 8 29.6

No. 8 No. 16 20.8

No. 16 No. 30 14.7

No. 30 No. 50 10.3

No. 50 No. 100 7.3

No. 100 pan 17.3

Figure 3. Mold used in casting concrete spheres of 16-inch external and
14-inch internal diameter.



The hemisphere was removed from the mold on the day after casting.
The interior surface was usually pitted with some small air pockets; these were

fully exposed by rubbing with steel wool. The voids were filled with a cement
paste of type III portland cement and par-size aggregate in a ratio of 1:1 with

only sufficient water to make a workable mix. The hemisphere was cured for
27 days in an environment of 100% relative humidity and 730 F. Thereafter
the concrete was cured under room conditions (30 to 70% relative humidity
and 45°F to 800 F) for approximately 100 days.

Six 3 x 6-inch control cylinders were cast with each hemisphere.
These cylinders were used to determine the uniaxial compressive strength of
the concrete. One of the six was instrumented with a 90-degree strain rosette
of two BLH (Baldwin-Lima-Hamilton) A-5-S6 electrical resistance gages to
obtain measurements of the modulus of elasticity and Poisson's ratio of the
concrete. The compressive strength of concrete for all the spheres varied
from 9,810 to 11,740 psi. The average secant modulus of elasticity for the
concrete was determined to be 3.57 x 106 psi, and the average Poisson's ratio
was 0.16; individual cylinder data are described in Appendix B.

Joint Rings

Various materials were used to make the rings: polycarbonate plastic,
glass fiber reinforced plastic (GRP, fiberglass), aluminum, titanium, and low
carbon and 4130 alloy steel. All rings were machined from flat, solid plates
originally 19 inches in diameter and 3/4 to 1-1/2 inches thick, depending on
the ring cross section (Figure 2). Machine tolerances were within ±0.005 inch.

For each ring, four material control specimens were machined from
the same plate used for machining the ring. The control specimens were
cylinders 1/2 inch in diameter and 2 inches in length.

To measure the modulus of elasticity, all material cylinders were
instrumented with two BLH FAE-25-12S6 electrical resistance strain gages
on opposite sides of the specimen. To measure Poisson's ratio, a BLH FAE-
1 2S-35S1 3 electrical resistance strain gage was oriented in the hoop direction
at midlength of all cylinders. The compressive yield stress of the joint ring
material varied from 8,320 to 140,800 psi, the modulus of elasticity from
0.39 x 106 to 30.0 x 106, and the Poisson's ratio from 0.23 to 0.40, depen-
ding on the joint ring material (Appendix B).

Spheres

The spheres were fabricated by bonding a ring between two hemispheres;
an epoxy bonding agent, Furane Plastics Epocast 8288, was used. The annular
mating surface of each hemisphere section was ground smooth and level by

7
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rotating the hemisphere on a sheet of plate glass covered with water and silica
carbide grit no. 60. The corcrete mating surface was then cleaned and etched
with a 10% hydrochloric acid solution to ensure good bond between the epoxy
and the concrete. All rings were cleaned with acetone to ensure a good bond
with the epoxy adhesive. The titanium ring for sphere 10 was etched with a
solution of one part hydrochloric acid, one part nitric acid, and two parts
glycerin. The aluminum joints for spheres 4 and 1 1 were etched with a 10%
phosphoric acid, 1% hydrofluoric acid solution. The other rings were not

etched.
The adhesive was spread smooth in the groove of the ring, and one

hemisphere was inverted and placed into the groove (Figure 4). The hemisphere
was rotated to ensure bonding between it and the ring. After the adhesive had

cured 1 day, the second hemisphere was bonded to the ring/hemisphere assembly
(Figure 5).

Subsequently, a steel feedthrough was epoxy-bonded at the apex of the
top hemisphere for attaching the sphere to the pressure vessel end closure and
for passing the instrumentation wires from the interior of the sphere. Another
feedthrough, in the bottom hemisphere, allowed strain gage lead wires attached
to yages on the sphere exterior to be led into the interior. The bottom pene-
tration was also bonded to the concrete with epoxy and was carefully potted
with epoxy to ensure that no water leaked into the specimen along the wire
insulation.

The completed sphere was painted with a thin coat of clear epoxy to
prevent water permeation into the concrete.

'S-RUVEN YATIWN

All specimens, except ;pheres 4. 10, and 11, were instrumented with
electrical resistance strain gages applied to one of the concrete hemispheres and
the joint ring. Three 3-gage, 45-degree rosettes and two 2-gage, 90-degree rosettes
were used on both the interior and exterior surfaces of the hemisphere (Figures
6 and 7). The rosettes were fabricated from single BLH A-5-S6 resistance gages.
The median of the joint ring was designated as the "equator." Five latitudes
were chosen for strain gage locations: 7.5, 22.5, 37.5, 55.0, and 72.5 degrees

from the equator.
Longitudinal (meridional) and latitudinal (hoop) gages were positioned

rt each latitude. At three levels of latitude, 7.5, 37.5, and 72.5 degrees, the

angle between the meridian and latitude was bisected, forming a 45-degree
line. A gage was positioned on each of these 45-degree lines. The interior
and exterior gages were placed radially opposite each other.

8



Figure 4. Typical hemisphere assembly with simulated lock joint ring.

wi

Figure 5. Typical assembled sphere with simulated lock joint ring prior
to insertion of penetrators.
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parallel t the equaor. Dentrnic 204N-61electrial risa nesrngas

" 22 5
°  .

Figure 6. Location of strain gages on sphere's interior.

An interior and an exterior gage were placed on the ring at and

parallel to the equator. Dentronic 204N-C6 electrical resistance strain gages

were used on the rings.
After lead wires were soldered to each gage, the gages were covered

with a microcrystalline wax waterproofing compound. The lead wires from
the interior gages were led from the interior through the upper feedthrough.

The exterior lead wires were run down along the sphere surface, through the
bottom feedthrough, then up and out of the sphere through the upper feed-

through (Figure 8).

TEST PROCEDURE

The concrete spheres were tested under hydrostatic pressure in an
18-inch-ID pressure vessel. The upper feedthrough was securely fastened to
the pressure vessel end closure (Figure 8), and the end closure was seated and
locked in place. The lead wires were connected to the strain balancing and

10



recording unit (Budd System Datran Digital Strain Indicator and Printer
Control Unit). A Bourdon-type pressure indicator, accurate to 5 psi, was
connected to the vessel, and the vessel was filled with water.

The specimen was pressurized at a loading rate of 100 psi/min until
implosion occurred. Strain readings were taken every 100 psi. After implosion,
the concrete fragments and the ring were removed from the pressure vessel and
inspected to determine where the fracture initiated and the quality of the bond
between the concrete hemispheres and the ring.

Concurrently with the sphere test, the associated concrete cylinders
were tested to destruction under uniaxial compression.

wire feedthrough
penetrator and

.end-closure
j . attachment

logtuia ges 55-00

.Jw wire feedthrough penerrator

Figure 7. Location of strain gages on sphere's exterior.



i#

Figure 8. Sphere assembly attached to pressure vessel end closure being
lowered into 18-inch-diameter vessel.
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TEST OBSERVATIONS

Implosion Failure

All specimens failed by a violent, sudden implosion, which shattered
the concrete into many fragments. Table 3 lists the implosion pressure, Pim,
and the ratio of implosion pressure to concrete strength, Pim/f', for each
specimen. Also listed are the ring material strengths and the relative stiffnesses
of the ring and sphere. For all specimens, the concrete strength listed in Table
3 is the lower strength of the two hemispheres. The ratio Pi,/f' is used to
account for any variation in concrete strength between specimens. As noted
before, a previous study 4 has shown a linear relation between implosion pres-
sure and concrete strength; therefore, specimens of different strengths can be
compared by using the parameter Pim/f -

Inspection of the broken fragments of the concrete sphere and the
joint ring showed the following:

1. The polycarbonate plastic ring of sphere 1 was the only ring
fractured during the test (Figure 9).

2. For all spheres except spheres 3 and 5, the remnants of concrete
were securely bonded to the ring as shown in Figures 10 and 11. On the
aluminum ring of sphere 3 and the titanium ring of sphere 5, the concrete
was completely stripped from the ring; yet the epoxy remained bonded to
the fragments of the concrete. On spheres 4, 10, and 1.1, also made of tita-
nium and aluminum, the bond was satisfactory.

3. On all spheres except spheres 3 and 5, a distinct cone-type concrete
compression failure could be observed near the joint. Although some portions
of the sphere remained attached to a section of each ring, the shear plane indi-
cated that the concrete failure was initiated near the equatorial joint. The
cone-type failure was a reasonable indication thdt the concrete failed because
the compressive stresses exceeded the compressive strength of the concrete.

Strain Results

The general behavior of the concrete spheres under hydrostatic loading
was observed by recording surface strains at various pressure levels and reducing
them to principal strains along longitudinal and latitudinal directions.

All specimens imploded with a maximum recorded concrete strain
greater than 3,500 , in./in. Except for spheres 1 and 2, the maximum strain
was in the longitudinal direction at latitude 7.5 degrees; yet those maximum
strains had a wide variation between 3,700 pin./in. and 9,000+ pin./in.

13
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Figure 9. Fractured polycarbonate plastic joint ring after implosion testing

of sphere assembly.

Figure 10. Steel ring with remnants of concrete securely attached. (View

of sphere's interior.)
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Figure 1 1. Steel ring with remnants of concrete securely attached. (View
of sphere's exterior.)

Figures 12, 13, and 14 present the results of the longitudinal and
latitudinal strain for the interior and exterior of spheres 1, 2, and 6, respec-
tivelv. These results are typical of the strain patterns produced by an equatorial
joint ring less stiff, slightly stiffer, and much stiffer than the concrete replaced
by the ring. Appendix C presents the strain results for all spheres except spheres
4, 10, and 11. which were not instrumented. The abscissa of these graphs is
the latitude in degrees (spherical angle) at which the strain was measured.
The merian of the joint ring was the equator (zero degrees). The ordinate

is the strain in pin./in. The strain values have been plotted for several pressure
loading levels expressed as a nondimensional ratio of applied pressure to con-

crete strength, /f,.
As a reference, the average strain magnitude for a sphere without a

joint has also been plotted. These strain values were obtained in previous

studies.13
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DISCUSSION OF RESULTS

Implosion Behavior

An effective means of relating the behavior of the different joint
rings in the concrete spheres was to calculate a relative stiffness for the rings.
This relative stiffness is expressed as

E, A,
R r

where R = relative stiffness

Er = modulus of elasticity of ring material

Ar = cross-sectional area of joint ring

E,: = secant modulus of elasticity of concrete

Ac = area of concrete removed and replaced by joint ring

Figure 15 is a graphical presentation of the Pim/f, relationship versus
the relative stiffness of the 11 rings plus two operational specimens discussed
in Appendix A. Where the relative stiffness equals unity, the plotted values
of Pim /fr are for spheres which were tested in previous studies ' 3 and which
did not include a joint ring at the equaor.

Figure 15 illustrates the following:

1. A ring with a stiffness one-fifth that of the concrete caused
implosion failure at a pressure 27% less than a sphere with no
ring.

2. A ring with a stiffness greater than 15 times that of the concrete
caused implosion about 18% lower.

3. A ring stiffness 1.2 times that of the concrete caused only a 5%
reduction in implosion pressure. The latter difference is within
the experimental variation for spheres without mechanical joints.

At a relative stiffness greater than 15, the Pim /f,' ratio varied little.
The variation of Pim /f,' among specimens 6, 7, 8, and 9 (all with a steel joint)
indicates that changes in the ring stiffness do not further influence the failure
pressure of the concrete sphere. In effect a ring with a relative stiffness greater
than 15 may be regarded as an "infinitely" stiff or "perfectly" rigid joint,
because any increase in joint stiffness does not affect the structural behavior
of the sphere.
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Figure 15. Effect of ring's relative stiffness on short-term strength of

sphere under external hydrostatic loading.

At a relative stiffness less than unity, the Pim /fV appears to decrease
rapidly. This agrees with results of Reference 2, where hull penetrations with

a stiffness less than that of concrete caused a significant decrease in implosion
pressure, while the stiffer penetrations did not.

This study has not clearly defined the relation between Pim /f and
relative stiffness in the 1 through 15 range. Structurally there is no apparent
reason why a sphere with a ring of intermediate stiffness should fail at a pres-

sure lower than spheres with an infinitely stiff ring. Therefore, the curve of
Figure 15 has not been drawn through the points for specimens 3, 5, and 10.

Failure of both specimens with a titanium ring (specimens 5 and 10)

at nearly the same Pim /f' ratio shows that both were fabricated in the same
manner, but it does not necessarily mean that any sphere with that relative

stiffness would fail at the lower pressure, Specimen 11, with an aluminum
joint only slightly stiffer thar, the titanium ring, failed at nearly the same
pressure as a sphere without a joint ring.

The lower implosion pressures of specimens 5 and 10 were probably

due to poor fabrication of the jointed specimens. After sphere 5 failed and
the poor bond between the ring and concrete was observed, it was believed
that the poor bond caused the lower implosion pressure. Sphere 10 was then
fabricated with measures taken to ensure that the titanium ring was carefully

acid-etched to improve the bond. The test on sphere 10 showed that the bond
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was adequate, yet the specimen failed at the same low pressure as sphere 5.

It was then hypotlesized that the ring was inducing an added stress raiser not

present with the other rings. Because of the very close tolerance between the

ring and the hemispheres, one section of a hemisphere of specimens 5 and 10

miy have rested on the inner lip of the ring rather than on the bottom of the

groove. This fabrication error was encountered in a later specimen, but the

situation was corrected before the epoxy set up. Such incorrect seating would

not have been detected by the limited strain gage layout. It appears from the

test results that poor seating of the hemisphere did not occur in any other

sphees whose ring had the same groove dimension as the titanium ring.

To check the hypothesis, the aluminum ring for specimen 11 was

u,vsiqned with a larger groove (the inner radius of the groove was reduced)

and with a stiffness approximately that of the titanium ring. The larger

(ir.-ov, tusured that the hemispheres of specimen 11 would seat properly.

Toen v' which filled the space between the hemispheres and the inner lip

f tfi r inu .id testrain the radial movement of the hemisphere at the joint,
hut toi. r-ustrairut was not as much aS if the hemisphere had been resting

hir-,ctlv against the, Inner lip.
Pressure testing of sphere I 1 showed that it implod . i ,

iqgnificantly greater than that of spheres 5 and 1n Thieretore, it was concluded

tht th, lower implosion pressures of spho-,, i and 10 were due to poor fabri-
caltion of the specimens and were not t: e general structural response of spheres

,Ith a ring of a particular relative stiffness.

It is believed that drying shrinkage of the concrete hemispheres caused

tho dimensional change which resulted in the poor seating in spheres 5 and 10.
Such shrinkage- would also have been present in all other hemispheres. The
mag(nitude of change was sufficiently large in spheres 5 and 10 to cause a

differ,nce in resu lts.

The spread of Pm/f, values in Figure 15 was principally a result of

variation of the ring stiffness, yet the quality of fabrication of the specimen

It hat is, how the hemispheres fit into the joint groovesl was an important
faciutor in the implosion results.

The quality of attachment of the ring was difficult to control in the
experimental study. Attaching operational mechanical joints to hemispheres

would also be difficult in practice. Therefore, the lower implosion pressures
should be used when considering the operational characteristics of a sphere

with a metal oir;t ring. This would ensure a conservative, safe design.

Strain Behavior

Longitudinal Strain. For all spheres the equatorial joint ring induced

a longitudinal strain on the interior surface adjacent to the joint greater than
the strain on a uniform uniointed sphere at the same P/f.' level.
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The longitudinal strain behavior for the different spheres is characterized
as follows:

1. Where the ring stiffness was less than the concrete stiffness, interior
and exterior strains were nearly uniform but were greater than the strain of a

uniform sphere.

2. Where the ring stiffness was slightly greater than the concrete

stiffness, the interior and cxterior strains were nearly uniform and were only

slightly greater than the strain of a uniform sphE,-e.

3. Where the ring stiffness was significantly greater than the concrete
stiffness. the interior and exterior strains were very nonuniform. The difference
in strain gradient between latitudes on the interior and exterior indicated high

shearing strain, and the strain di ferences indicated increased curvature near
the joint and the apex and decreased curvature in the midlatitudes. The
maximum strain adjacent to the joint was much greater than the strain of

a uniform sphere.

Latitudinal Strain. The latitudinal strain behavior of the spheres is
characterized as follows:

1. Where the ring stiffness was less than the concrete stiffness, the
interior and exterior strains were greater than those of a uniform sphere. The

wide strain difference between surfaces shows that the ring significantly altered

the normal behavior.

2. Where the ring stiffness was slightly greater than the concrete
stiffness, the strains were nearly the same as those of a uniform sphere.

3. Where the ring stiffness was significantly greater than the concrete

stiffness, the interior and exterior strains were the same or lower than the
strain of a uniform sphere. The very low strain near the joint with increasing

strain at greater latitudes indicatcs that the ring restrained the sphere deflection.

Bending Moment Response

The general behavior of the spheres can be more easily visualized in
terms of the longitudinal bending moment induced in the jointed sphere. The

interior and exterior longitudinal and latitudinal stresses were calculated at

P/f = 0.20. Graphs of stress versus latitude and the manner in which the
stresses were computed are presented in Appendix D.

To calculate the longitudinal moment, it was first assumed that the

stress distribution across the wall thickness was linear. In a simple analogy
to concrete beam theory, this assumption would imply that the total com-
pressive load, C, is carried in a trapezoidal stress block, higher stress at the
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interior surface. In a sphere with no bending, the centroid of this stress block
is located on the neutral plane; a force acting in this plane creates no bending.
In this case, where there are bending stresses in the sphere, the loading is
resolved into a concentrated load at the neutral plane and a couple. The
following method was used for the moment calculation:

1. From jointless spheres tested in a previous study, the basic stress
block was determined and the neutral plane was established at a distance of
0.493 inch from the interior surface of the sphere, or at a radius of 7.493
inches.

2. The previously calculated interior and exterior stresses were used
to determine the stress block at each latitude for the eight specimens.

3. The basic stress block was then subtracted from the stress blocks
of step 2 (above) at the many locations, resulting in a typical bending stress
diagram for each latitude.

4. The areas of the bending stress diagrams were used to calculate
the added load at the particular latitude, the eccentricity of that load, and
the couple acting at that latitude.

These calculated moments are listed in Table 4 and are plotted against
the degrees of latitude for each specimen in Figure 16. Positive moments are
those which tend to increase the sphere curvature; negative moments are those
which tend to decrease it.

It can be seen from Figure 16 that spheres with rings stiffer than concrete
demonstrate a similar moment pattern: a high positive moment near the equator,
a negative moment in the latitude range of 20 to 60 degrees, and a decrease to
approximately zero or change to a somewhat positive moment near the apex.
This moment pattern definitely indicates that the restraint imposed by the
ring induces a significant bending behavior in the spheres. The magnitude of
positive bending moment is particularly large in spheres with joint rings whose
relative stiffness is more than twice that of the concrete replaced by the ring.
This can be noted by comparing the magnitude of bending moment for sphere
2 with the GRP ring (1.19 times stiffer than concrete) and the bending moments
of spheres with metallic rings (spheres 3, 5, 6, 7, 8, and 9).

The moment pattern of the sphere with the polycarbonate plastic ring
(sphere 1) is the opposite of those of the other spheres: a negative moment
near the joint, a positive moment in the latitude range of 10 to 60 degrees,
and a negative moment near the apex. The reversal of moment pattern
established for rings stiffer than concrete could be expected here because
the polycarbonate plastic ring is less stiff than the concrete.
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Table 4. Calculated Longitudinal Moments

Longitudinal Momenta (in.-Ib/in.) for-
Latitude

(deg) Sphere Sphere Sphere Sphere Sphere Sphere Sphere Sphere
1 2 3 5 6 7 8 9

7.5 -67 +172 +637 +384 +617 +715 +537 +624

22.5 +139 +81 +50 -364 -189 -371 -468 -22

37.5 +68 -5 -129 -132 -232 -164 -257 -130

55.0 +120 -18 - -350 -118 +10 -162 +51

72.5 +8 +47 +196 -16 +4 +307 +97 +63

a Positive moment decreases radius of curvature; negative moment increases

radius of curvature.

These moment patterns indicate the presence of shear loading on the
hull. Where there is a rapid change in moment, there is a high shear condition.
Thus, one may conclude that the rings produce a high shear near the equator
arid that the Magnitude of shear stress is directly related to the mismatch
between the stiffness of the ring and that of the concrete shell.

As noted before, all shell failures were initiated at or near the joint.
On the spheres with the stiffer rings, the high positive moment near the joint
plus the average compressive stress in the wall produced a high longitudinal
interior strain which resulted in concrete failure. On sphere 1 with the ring
less stiff than the concrete, the negative moment near the joint plus the average
compressive stress in the wall produced a high longitudinal exterior strain which
resulted in concrete failure.

FINDINGS

1. The implosion strength of hollow concrete spheres with equatorial joint
rings varies with the magnitude of the relative stiffness of ring. Spheres with
rings that are either stiffer or more compliant than concrete fail at pressures

as much as 27% lower than do spheres without equatorial joint rings.

2. An equatorial joint ring in hollow concrete spheres introduces a strain
raiser if the relative stiffness of the ring is significantly higher or lower than
the stiffness of the concrete that the ring replaces. For joint rings stiffer
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than concrete, maximum strains are typically found on the interior surface

adjacent to the joint ring, while the minimum strains are typically found on

the exterior surface also adjacent to the ring.

3. An equatorial ring with its stiffness different from the concrete stiffness
produces bending moments in the concrete shell whose magnitudes are directly

related to the mismatch in stiffness between the ring and the concrete shell.

CONCLUSION

Equatorial joint rings can be incorporated into hollow concrete spheres
without significant reduction in strength, providing that the stiffness mismatch

between the ring and the concrete it replaces is small. Glass fiber reinforced
plastics appear to satisfy this requirement satisfactorily.

RECOMMENDATIONS

As a preliminary design guideline for mechanical joints in spheres,

the authors recommend the following:

1. If possible, the designer should use a glass reinforced plastic material to

make the mechanical joint ring and should dimension the joint to have a

relative stiffness near one. The operational pressure should be 1 5% lower

than that of uniform unjointed spheres.

2. If the mechanical joint is over 5 times stiffer than the concrete sphere,
the operating pressure of the spherical capsule should be 30% lower than a

uniform unjointed sphere.

3. A mechanical joint with a relative stiffness less than one should not be

used.

4. Penetrations for windows and electrical entries should be Iccated between
30 degrees and 60 degrees latitude or at an apex to avoid the high shear strain

conditions in jointed spheres at latitudes near the equator and the apex.
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Appendix A

OPERATIONAL LOCK JOINTS

BACKGROUND

In the main study, the relationship between equatorial joint ring
stiffness and concrete sphere behavior was investigated, but little considera-
tion was given to the problems associated with operational lock joints. Thus,
for example, no investigations were conducted into the problems of (1) securely
attaching lock joint rings to hemispheres, (2) sealing the mating surface of lock
joint rings, and (3) locking the joint rings together. No need existed to make
provisions other than adhesive bonding for securely attaching the ioint ring to
concrete because the test spheres were exposed only to external hydrostatic
pressure loading. The sphere assembly would not be exposed to forces tend-
ing to separate the hemispheres from the equatorial joint ring such as those
present during a launching operation. Sealing was no problem; once bonded
together, the hemispheres did not have to be separated. Locking arrangements
also were not necessary, as the simulated lock joint ring was monolithic.

TEST SPECIMENS

Two materials were chosen for investigation of operational lock joints,
glass fiber reinforced plastic (GRP) and steel. The GRP operational lock joint
was to be incorporated only into the 16-inch-OD x 14-inch-ID sphere, while
steel joints were to be incorporated into both the 16-inch-OD x 14-inch-ID and
66-inch-OD x 57.75-inch-ID concrete spheres. One concrete sphere assembly
specimen was to be built with each type of joint and subsequently evaluated
under hydrostatic loading.

The design chosen for the equatorial lock joints was simple (Figure
A-1). It consisted of two mating equatorial rings to be securely attached to
concrete hemispheres. The two ring-equipped hemispheres were to be later
locked together with bolts located around the circumference of the joint
assembly. An O-ring between the mating equatorial rings completed the
operational joint assembly. Special features of the ring design for the 16-inch
spheres were the following: (1) anchor pins were used to reinforce the adhe-
sive bond between the joint ring and the concrete, (2) the cross-sectional area
for the operational joint was approximately one-half that used in the simulated
lock joint (although the relative stiffness was only slightly reduced), (3) the
same size of concrete seating groove was used in the joint as in the simulated
joints.
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FABRICATION

Concrete

The 16-inch hemispheres were cast identically to those described in the
main body of the report. The 66-inch hemispheres were cast in a steel mold
(Figure A-2), using the same concrete mix as for the casting of 16-inch hemi-
spheres.5 A field-type curing technique was used for 66-inch hemispheres,
producing shells somewhat lower in strength than the 16-inch hemispheres.
The grinding of the equatorial edge for the small and the large sphere was
performed in the same manner as described in the main body of the report.

Figure A-2. Molds for casting 66-inch concrete hemispheres.

Joint Rings

The equatorial joint rings (Figure A-3) for both the small and large
concrete hemispheres were machined from flat plate stock-the small ones
in a horizontal lathe and the large one in a vertical mill. Difficulties arose in
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maintaining flatness of the joint rings because the small rings were only 1/8
inch thick and the large rings were 1/2 inch thick. It was found, particularly
for the steel joints, that upon removal from the machining fixture considerable
twisting of the joint in the equatorial plane took place. The twisting created
a very noticeable deviation from flatness. For the ring for the 66-inch-diameter
capsule, this deviation was approximately 1/4 inch.

The problems encountered in fabricating a flat steel lock joint appeared
to be a potential source of trouble for concrete sphere assemblies to be built for
operational use. Therefore, the assembly technique for the test specimens was
modified to permit fabrication of the 16-inch sphere with twisted joint rings.
For the 66-inch sphere, special procedures were developed that resulted in a
sphere assembly with parallel mating flat joint rings.

Assembly

The equatorial joint r. ,gs were attached to the concrete hemispheres
by epoxy adhesive (F . Plastics Epocast 8288) and steel pins (Figures A-4
and A-5). The step' , , were set into mating holes drilled into the concrete.
The steel joint riri, ,conded to the concrete shell served as the drilling template.
For the 1 6-inr,i sphere assembly that was to operate with the twisted steel joint
rings, each joint ring was placed separately on the adhesive-coated edges of the
16-inch concrete hemispheres. The thick layer of epoxy easily adjusted to the
unev,:n surface of the joint, ensuring a watertight seal between the uneven ring
ani the flat equatorial plane of the shell. When the two hemispheres with twisted
rings were mated, a gap of approximately 1/16 inch was found on the external
edge of the lock joint assembly, The gap extended completely around the cir-
cumference of the joint. To seal the mating rings, RTV (Room Temperature
Vulcanizing silicone rubber) was forced into the gap after the joint was bolted
together.

To flatten out the steel rings for the 66-inch sphere, both rings were
clamped together tightly with the joint retaining bolts. The clamping force
exerted by the retaining bolts was sufficient to mate the two twisted rings of
the lock joint assembly together so that a reliable watertight seal could be
achieved by the O-ring. The clamped lock joint assembly was bonded to both
hemispheres, When the adhesive had set, the lock joint assembly was unbolted
and the individual joint rings inspected for flatness. It was found that this
sphere assembly procedure resjlted in a joint that deviated from true flatness
less than 0.020 inch. The adhesive bond between the concrete and the rings
prevented the steel rings from returning to the twisted shape.
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, O eep Ocean Engineern Division. Civil Lnimnering~parlml

Figure A-3a. Lock joint ring for 16-inch sphere assembly. (View of
surface in contact with concrete.)

Figure A,3b. Lock joint rings for 66-inch sphere assembly. (View of
interior and exterior surfaces of joint ring.)
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(a) For 16-inch-diameter model.

(b) For 66-inch-diarneter model.

Figure A-4. Lock joint rings bonded to hemispheres.
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Figure A-5. Typical anchor pins for securing joint ring to 66-inch hemisphere.

Instrumentation

The 16-inch sphere assemblies with operational lock joints were
instrumented for hydrostatic testing with electrical resistance strain gages
at eight locations; four on the inside surface at 7.5- and 55-degree latitudes
and four on the outside radially opposite the interior gages. The 66-inch
sphere assembly was instrumented at the same latitudes but only on the
sphere's interior surface.

TEST PROCEDURES

Both the small and large spheres with operational lock joints on the
equator were rigidly attached to the vessel end closures by steel feedthroughs.
The small spheres were tested in the same vessel as the spheres described in the
main body of the report. The large sphere was tested in the 72-inch-diameter
pressure vessel (Figure A-6).

The small sphere assemblies with operational lock joints were tested to
destruction under short-term loading conditions. The hydrostatic pressure was
raised at a rate of 100 psi/min to implosion. Strains were recorded at 100-psi
pressure intervals.
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Figure A-6. Test arrangement for 66-inch sphere assembly.
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The 66-inch sphere assembly was subjected to a long-term loading
test. It was pressurized at a 100-psi/min rate to 1,350 psi and was held at that
pressure until implosion took place. The 1,350-psi pressure level chosen for
sustained loading was equal to 83% of the expected short-term strength* for
66-inch spheres without joint rings. The reason for choosing the high sustained
loading level was to measure the behavior of a sphere with joint rings under a

sustained loading condition while ensuring a termination of the test (because
of implosion) after only several hours. For actual operations in the ocean,
where the sphere assembly would be equipped with a payload, the sustained
loading level would be much lower-probably in the range of 20 to 30% of

the short-term strength.

OBSERVATIONS AND DISCUSSION

Implosion Failure

Small sphere assemblies imploded violently. The sphere with the steel
joint imploded at PiA' = 0.157 and the one with the GRP joint at Pi =
0.250. The fracture pattern was similar to that of the spheres with simulated
operational lock joints described in the main body of the report (Figure A-7).
The implosion data are listed in Table A-1 and plotted in Figure 15.

The Pim/f' of 0.250 for the GRP operational joint was 13% lower than
the Pim/f' of 0.286 for sphere 2 with the simulated GRP joint. The test indi-
cated (1) that the short-term strengths of spheres with operational joint rings
are somewhat lower than, though comparable with, strengths of spheres having
joints of similar stiffness and (2) that an operational lock joint assembly made
of two mating halves behaves in a manner like that of a simulated operational
lock joint of similar stiffness but of monolithic construction.

The Pim/f, of 0.157 for the sphere with the steel operational lock joint
was 36% lower than the average PIm/f, of 0.247 for spheres with a simulated
lock joint of steel. The sphere's strength seems significantly affected by improper
mating between lock joint rings; therefore, precautions must be taken to ensure
that the mating halves ot an operational lock joint mate evenly over the whole
circumference of the joint.

The larc sphere asse'mbiv tailed under sustained 1,350-psi hydrostatic
loading after 240 minutes. The failure was localized (Figure A-8). Such a local
failure is generally triggered by some dimensional irregularity of the sphere, such

* The Pn/f'c short-term strengths of threv 66-inch spheres fabricated bv the identical technique

as thc spherc eq Iiipped wIth the joint ring were 0.222, 0.216, and 0.195, with a calculated

average of 0.211 5
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as changes in radius of curvature or thinner cross section of the wall. In the
sphere tested, the local implosion occurred in a location where the wall was

approximately 3/16 inch thinner and the internal radius of curvature 1/16
inch longer than specified. The local wall thickness and sphericity deviation
induce the material at that location to creep at a higher rate, causing the shell
to form a local flat spot. Such a local flat spot induces great flexure stresses
around the periphery of the flat spot as well as at its center. Ultimately the
combined stress becomes so large that it exceeds the compressive strength of
the material, causing the formation of a conical fracture plane. Close obser-
vation of the fracture pattern on the large sphere confirms this fracture
mechanism, as the edges of the hole are beveled inward, forming the boundaries
of a conical fracture plane typical of concrete compression failures.

The Pim/fr' = 0.175 of the 66-inch sphere under sustained loading was
found to be lower than the average Pim/fc = 0.211 established previously 5 forC

identical large spheres without any joint rings. Using the 0.89 ratio between
the Pim/f'c of a 16-inch sphere with simulated steel lock joint (sphere 6) and the
Pim/f,' of a 16-inch sphere without joint rings as a guide, the ratio of short-term
implosion pressure to concrete strength of the large spheres with a steel joint
ring is extrapolated to be 0.187. When this extrapolated Pim/f' = 0.187 is com-
pared with the experimentally obtained long-term strength of Pim/fc = 0.175,
much better agreement is found. Because sustained hydrostatic loading invari-
ably causes spheres of viscoelastic material to fail at lower pressures than those
obtained under short-term loading conditions, it could be postulated that the
short-term Pim/f' of the 66-inch sphere with the steel lock joint rings is at least
equal to, and probably slightly higher than, the extrapolated Pim/f', = 0.187
value.

Table A-1. Results of Tests on Spheres With Operational Joints

Outside Relative

Sphere Diameter Joint Stiffnessa
0 Material of Pim(psi) f (psi) i

Joint Ring

12 16 GRP 0.99 2,650 10,600 0.250

13 16 steel 15.18 1,730 11,020 0.157

14 66 steel 15.09 1,350 7,720 0 .187 b

aEr Ar

EC AC

b See discussion in text.
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(a) With operational steel lock joints.

(b) With operational GRP lock joints.

Figure A-7. Imploded 16-inch sphere assembly.
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Figure A-8. Local implosion of 66-inch concrete sphere assembly.

It would thus appear that the operational lock joints of steel
performed properly and did not lower the short-term strength of the con-
crete sphere below the strength level expected from spheres with simulated
lock joints of equivalent stiffness. The acceptable performance of the large
concrete sphere compared with the unacceptable performance of the small
sphere with operational steel lock joints of identical stiffness reinforces the
observation made previously that improper mating between individual rings

significantly lowers the depth capability of a concrete sphere equipped with
an equatorial lock joint.

Strain Behavior

Strain data are listed in Table A-2 for the three spheres with oper-
ational joints. In small sphere assemblies the magnitude and distribution of
strains differed significantly between the steel and the GRP operational joints.
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The sphere assembly with GRP operational joints registered strains which
both in magnitude and distribution were similar* to those measured pre-
viously on sphere 2 with a monolithic GRP joint.

There was very little similarity between the strains measured on the
16-inch-OD sphere assembly with an operational steel joint and sphere 6
equipped with a monolithic steel joint. The pattern of longitudinal strains
on the sphere with the operational steel joint was the opposite of that found
on sphere 6. On sphere 6, the maximum longitudinal strain was measured on
the interior of the sphere adjacent to the joint; whereas, on sphere 13 with the
operational lock joint, it was found on the exterior adjacent to the joint. Such
a dissimilarity in strain patterns between the small sphere with operational joints
and sphere 6 was to be expected, because the uneven mating of the operational
joint caused nonuniform stress concentrations.

That the dissimilarity in strains between operational and simulated
steel lock joints is only a function of poor mating between the joint rings is
further substantiated by the similarity of the strains measured on the 66-inch
sphere with properly mating rings to the strains on sphere 6 with the simulated
steel lock joint. The similarity between the small sphere assembly with the
simulated steel lock joint and the large sphere with the operational steel lock
joint also confirms the postulate that the strains measured on a small-scale
assembly are applicable to design of large-scale concrete sphere assemblies,
provided the relative stiffness ratio of the equatorial joint rings is about the
same in both cases.

FINDINGS

1. Strains measured on concrete sphere assemblies with simulated equatorial
lock joints cin be used to predict strains in concrete sphere assemblies with
operational lock joints if the relative stiffness ratio between the equatorial
lock joint assembly and the concrete is similar.

2. Improper mating between the rings of the lock joint assembly is more
detrimental to the implosion strength of the concrete sphere assembly than
a change in the relative stiffness of the joint.

3. The operational equatorial lock joints fabricated from glass reinforced
plastic provide the closest match to the properties of the concrete shells.

* When comparing the strains from assemblies with operational joints to those from
assemblies with simulated joints, one must recall that in the former the gages were
located at two different latitudes whereas in the latter they were located at five dif-
ferent latitudes.

41



0080 00 0

LO m C'l zt 0 'i

0

S uj 0 0c o
-C N CN 00 I

-ci r- 0-0

C-

00 0 0 0 0 0
0 ~ 0 M Iq

0o - a 0 a 0 0
- to 'T (NL , l

-' ) (q I r O 0

-~ -~ 00 00 0 0 0o ~ Co~ o 0 0 C"0'

Z- Uj 0 (0 0 Co 0
-l NN U) - C-

C) 0 0 0 0 0
0. 0 (N Co to LC) (0

CY Co - - . ')Cn

C,4
'- 0 0 0 0 0 0 0CN M Lu (D -( L LO D NCN

m. r- - - ~ Cfl I n Cl

CC

a) 0 0 S

-C

- £ C)N co o C N ( '
C) ) '.~~. - - Co C')CM

.00

CU N C'42



CONCLUSIONS

Concrete hollow spheres can be equipped at the equator with opera-
tional lock joints that will decrease the hydrostatic load carrying capability

of a sphere without a joint ring by only 10 to 20%. Such operational joints

should be made of glass fiber reinforced plastic. Joint rings made of steel will

decrease the hydrostatic load carrying capability of a uniform unjointed sphere

by up to 50% if the ring is not properly mated to the sphere.
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Appendix B

MATERIAL PROPERTIES

The material properties of compressive strength, modulus of elasticity,

and Poisson's ratio for the concrete and ring materials are presented in Table

B-1.

Table B-1. Material Properties

Concrete Joint Rings

Spnere Hemispnere Strength, Yield Strength, Modulus of
fI Material f, Elasticity E Poisson's

ipsi lP~(i) (psi X 1061 Ratio

Simulated Lock Joints

I 1-A 10,100 polycarbonate
1-13 12.110 plastic 8.320 0.39 0.40

2 2-A 10,960
2 2-B 11,760 GRP 15,900 1.95 0.38

3-B 11,080

3 3-B 11.120 aluminum 75,600 11.0 0.32

4 4-A 1 0900

4-8 10,620 aluminum 75,600 11.0 0.32

5-A 10.210
5 5-A 10,20 titanium 140,800 17.4 0.23

6- 11,740

6 6-B 1 0,800 steel 41,200 30.0 0.27

7-A 11,040
7 7-B 11 030 steel 49,700 30.0 0.27

8- 10,470

8 8-A 10,400 steel 54,200 30.0 0.27
8 -13 10,40
9-A 11 i 60 steel 32.700 30.0 0.27

9-1 111110

1 I0-A 9.820 ttnu 4,0 74 02

11 11-A 9.810
11-A 9,960 aluminum 75,600 10.5 0.32

Operational Lock Joints

12 12-A 10,600 GRP 15,900 1.95 0.38
12-B -

13a 13-A 11.02013-B 11,390 steel 49,700 30.0 0.27

14
b  14-A 7.740

14-B 7.780 steel 50,000 30.0 0.27

Note Concrete modulus of elasticity averaged 3.57 x 106 psi, Poisson's ratio for concrete averaged
0.16.

16-inch-OD sphere.
b 66-inch-OD sphere.
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The modulus of elasticity for concrete used to calculate the relative
stiffness and the concrete stress was a secant modulus. The stress-strain rela-
tions obtained for each hemisphere by testing 3 x 6-inch control cylinders were
averaged to give a mean stress-strain curve for the concrete. A secant line was
drawn from the origin through a point on the curve at one-half the ultimate con-
crete strength (1/2 fc) as shown in Figure B-1. The slope of this straight line was
the secant modulus and was equal to 3.57 x 106 psi. This secant modulus is less
than the modulus calculated from the formula presented in the American Con-
crete Institute Building Code Requirements (ACI 318-63). The ACI formula,
E W1 5 (33)Il., yields a modulus of 5.64 x 106 psi.

12,000

10,000 

secant modulus

8,000

6,000

4,000

E =3.57

2,000

0 1,000 2,000 3,000 4,000 5,000

Strain (pin./in.)

Figure B-i. Mean uniaxial concrete stress-strain behavior of 3x 6-inch
control cylinders.
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The Poisson's ratio was determined using an average of the axial strain
versus transverse strain relations obtained from the 3 x 6-inch control cylinders.
A straight line was drawn through the mean axial strain versus transverse strain
curve in such a manner as to average the variations. The slope of this line is the
Poisson's ratio, as shown in Figure B-2.

350

- -- Observed relationship "
300-

30 - -Poisson's ratio, v
= 

0.16 .

250 -. .. _ _ _/_- _

- -
"200

150'

100.

0 500 1,000 1,500 2,000 2,500

Longitudinal Strain (Win in.)

Figure B-2. Transverse strain versus longitudinal strain for control cylinders.
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Appendix C

STRAIN DATA

Graphs of strain versus latitude for the eight instrumented specimens
are presented in Figures C-1 through C-4.

LC:'GiTUDiNAL STRAINS

Figures C-1 and C-2 present the interior and exterior longitudinal
strains measured at five latitudes and plotted at various P/ft' loading ratios.
The general observations of the interior longitudinal strains are as follows:

1. On the sphere with the polycarbonate plastic joint ring (sphere 1),
the strains were nearly uniform at all latitudes under low loading levels, while

at higher loading levels the strain near the apex was somewhat lower than at
other latitudes. The magnitude of strains was approximately the same as in
spheres without equatorial joint rings.

2. On the sphere with the GRP joint ring (sphere 2), strains showed

only a minor increase near the joint compared with those at other latitudes.
The magnitude of the increase appeared to be proportional to the magnitude
of loading. In the 30- to 70-degree latitude range, the magnitude of measured
strains was approximately the same as in spheres without equatorial joint rings.

3. All spheres with metal joint rings (spheres 3, 5, 6, 7, 8, and 9)

showed similar strain behavior. In all cases the strain near the equatorial joint
was considerably higher than at all other latitudes, the lowest strain occurred

between 20 and 60 degrees of latitude, and strain near the apex was somewhat
greater than the strain between 20 to 60 degrees of latitude but still less than

the strain near the joint. Only the strains in the 30- to 40-degree range of lat-

itude were approximately the same as in spheres without equatorial joint rings.

The general observations of the exterior longitudinal strains are as

follows

1. On the sphere with the polycarbonate plastic joint ring (sphere 1),
the strains were nearly uniform at all latitudes under all pressure loadings except
just prior to implosion. Under P/f' = 0.22 loading, the strain at 22.5-degrees lat-

itude appeared to decrease significantly below strains at other latitudes. That
anomaly probably w..s caused by the failure in the adhesive between the gage

and the concrete at that loading level. The strains in the 20- to 70-degree lat-
itude range were approximately equal to strains in spheres without equatorial

joint rings.
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2. On the sphere with the GRP joint ring (sphere 2), the strains were
nearly tuniform at all latitudes and approximately equal to those in spheres
without joint rings.

3. All spheres with metallic joint rings (spheres 3, 5, 6, 7, 8, and 9)
sh,,ed the same general strain characteristics. The greatest strain occurred
between 20 and 60 degrees of iatitude, the lowest strain was near the equator,
and the strain near tiie apex was larmer than that at the equator but less than
that in the 20- to C degree latitude range. Only the strains near the apex were
(,, tile Same rlU(nittide as those in the sphere without equatorial joint rings.

LATITUDINAL STRAINS

Fiqgres C-3 and C-4 present the mterioi and exteior latitudinal strains
me'asuired at the five latitudes and plotted at various P/f,' ratios. Also plotted

are the strains at the equator for the interior and exterior of the sphere. These
strains were ca!culated based on the measured strains on the interior and exte-
rior of the ring joint. It was assumed that the strain gradient across the ring

as nar. InterJolation between the strain at a radius equal to 6.74 inches
(interior surface of the ring) and at 8.70 inches (exterior surface of the ring)
qa,. tfhe strains at radii of 7.00 inches and 8.00 inches, the interior and exte-
rior o the spherical hull.

The 1 !32-inch-thici epox\ l yers between the concrete hemispheres
aind the leont rimg permitted some differential movement, yet, because the
innor In) of the rinq fitted t:glitlv against the inner surface of the concrete

riernisriere, the ditferential movement was believed to be small. Therefore,
Th- :Jifference: h'-iw'veen the strain values plotted at 0 and 7.5 deqrees is
ht-lieved to be the actual stramn difference with lttle i flUence from differen-
tial muvrnent between the concrete hermi:phere and the joint ring.

The general observations of the interior latitudinal stra is are as
To! iows

1 . On the sphere vith the polycarborate plastic joint ring (sphere 11,

th, strains measi red at all latituides on concrete were nearly uni form, whiie
h t tran on the iolycirbonatt lastic rina wvas considerably highi The maq-

rmitwJ of strains in the con :retet .as apr,rux nziatel the same as in spheres
I,tri)L T equatorial joint rings.

2. On toe sphere with the GRP joint rinq (sphere 2), the concrete
strains and the strain of the joint ring were very similar, and the strain mag-
nitude was approximately the same as that in spheres without equatorial oint
rings.
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3. The strain behavior on all spheres with metal joint rings (spheres 3,
6, 7, 8, and 9) was similar except for sphere 5. Generally, the minimum strain
occurred on the joint ring, with the lowest concrete strain being recorded near
the joint. The maximum strain occurred in the 40- to 60-degree latitude range.
The strains near the apex are approximately the same as in spheres without
equatorial joint rings.

4. On sphere 5 the minimum strain occurred at 7.5 degrees latitude,
with the strain of the titanium ring appearing as much as 70% greater. It is
believed that this is the result of improper bonding between the gage and con-
crete.

The general observations of the exterior latitudinal strains are as
follows:

1. On the sphere with the polycarbonate plastic joint ring (sphere 1),
the strains were relatively uniform, with the largest strains occurring on the
ring. Strains near the apex were approximately the same as in spheres without
equatorial joint rings.

2. On the sphere with the GRP joint ring (sphere 2), the strain
variation was the least for all the spheres with joint rings. The magnitude
of strains at all latitudes and on the joint was approximately the same as in
spheres without equatorial joint rings.

3. On all spheres with a metal joint ring (spheres 3, 5, 6, 7, 8, and 9),
the smallest strain was on the joint, with the lowest concrete strain being
recorded near the joint.

4. On spheres 3, 5, and 7, the maximum strain occurred between 20
and 60 degrees latitude.

5. On spheres 6, 8, and 9, the maximum strain was observed at 72.5
degrees latitude.

6. In all ol the sphercs except sphere 8, the strains near the apex were
approximately the same as in spheres without joint rings.
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Appendix D

LONGITUDINAL AND LATITUDINAL STRESS DATA AT
P/f, = 0.20

For each specimen at a ratio of pressure loading to concrete strength
(P/fc) of 0.20, the interior and exterior stresses were calculated using the fol-
lowing equations:

E
0 i, lon -

2 (eiong + VEi,lat)

E V
Oe' long 1 - P2 (e'long +  

5e'la) + 1 - P

_ E
0 i, at E - 2 (i.at + Ve i,log)

Oe.iat 1 ('elat + V e. ig) + - P

where

ai, interior longitudinal stress (psi)

ae, in - exterior longitudinal stress (psi)

ai, lat  = interior latitudinal stress 'psi)

ae, lat = exterior latitudinal stress (psi)

ei~o = interior longitudinal strain (in./in.)

ei, 10t = interior latitudinal strain (in./in.)

ee, let = exterior longitudinal strain (in./in.)

Ce, IoM = exterior latitudinal strain (in./in.)

E =modulus of elasticity = 3.57 x 106 psi

E = Poisson's ratio = 0.16

P = external applied pressure (psi)
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Aspects of the longitudinal behavior on all spheres with a metal joint
ring (illustrated in Figure D-1) are:

1. The longitudinal stress on the exterior surface is greater than on
the interior surface at the midlatitudes (Figures D-lc to D-l h).

2. Near the joint the interior stress is much greater than that of a
uniform sphere while the exterior stress is less.

3. At the midlatitudes the interior stress is often less than that of a
uniform sphere while the exterior stress is greater.

55



16 .0001 16 .0(0 0 16.000 16 ,000 7
sphere uni

12.000 - -12,0M ,
-- 0- 12.000 2 .00

(a) For - sper 1 .. b) For sphere-ext 2.r
2 ... .. onni I - - L

sewn ufl~to~m

1.000 4,000- 4.000- a6.oo

0 0 ~ 40 &- FOVSi1 0 ij6toioq 0o Jo6O 0Lliidl 0 20 40

osphere 2.

20.000 210W T I

16.000 16.000

16.000 ~ "16.000-

ntewwor 1 -.000-.0o00-

S12.000- eN.. ~ 12.000 wihmr
aluft 2 4 6 80028000

' u

7 t4.000 -4,000

0 0

0 20 40 0 0 0 20 4c

2 0 60 (d) 0 20 40 60e 80 (e) For sphere 6.L~t~twe' ideg) Latlude (d" )

(d) For sphere 5.

16.0 - 1 ----6° i  16.000
iolmor

1200 - 2.0 - - f 12.000- 200
12.000 u nftoim enler(XX) 1 .0.000 uniform

-nil _; 8.000\/ot li S.O "-!

4000 4.000 4. - 4,00-

01 1 j I l I I 1I

0 20 40 60 so 0 20 40 60 60 0 20 40 60 s 0 20 4

Ll"ud d"I) I."I ) Laiulu deq ( h F s(a) For sphere 8. (hi For sphere 9.



- r 16,000 20.0000 T I

- - rlere uniform tnterior

) vaurS 12,00 - h 16,000 - 16,000

int4r ntewulur

/ -- uniform

uuniform
86,000- 12,000- tither -riuif- ,// / fsge ,--.

- /eexior

4.000 8 00 - 8 000 /

60 01 
4/0 ,D

20a40t i 0 s o 0 /0 40 60 0 4.(D2 1 4000

(b) For sphere 2. [

0
20 40 60 80 OU 20 40 60 8o

Lati-tude (deg) Laitude thkg)16.00 1 , (c) For sphere 3.

x- lw F 16 .0 nlf m interior -20.000I
/ 8,0 - - . . .- 16.0 int . 1.(iI r0 Iflttf.....

nilorrr /

-for,/
wm~ee / extero ww, etrr-

I 200 uniform N0 n

1 - t~~~~Itfi,-- unfom \au N .... = aree , --

or tor ,uuulom o/
(e) or shere6.,,(x "s / e

.O8000L00

x 40 60 80 20 40 60

L iude IL tegt Lteude I deql 0 t

(e) For sphere 6.K/

4.00011 4.0

16.000

T 01 -L 0- f -

0 0 40 60 80 0 20) 40 60 0
20 titude Mdeg) Lat-ift (de"l

(hiniform 
(f) For sphere 7.

,0 ,~. ,0W

evierivi 4,000- /

60 L.

20 40 60 60 0 20 40 60 s0
Latitdlde IdeqI Latitde Ideq)

Wh For sphere 9. Figure D-1. Stress vermis latitude at Pt = 0.20.

57

1.



REFERENCES

1. Naval Civil Engineering Laboratory. Technical Report R-5117: Behavior
of spherical concrete hulls under hydrostatic loading, pt. 1. Exploratory
investigation, by J. D. Stachiw and K. 0. Gray. Port Hueneme, Calif., Mar.
1967. (AD 649290)

2.-. Technical Report R-547: Behavior of spherical concrete hulls
under hydrostatic loading, pt. 2. Effect of penetrations, by J. D. Stachiw.
Port Hueneme, Calif., Oct. 1967. (AD 661187)

3. - . Technical Report R-588: Behavior of spherical concrete hulls
under hydrostatic loading, pt. 3. Relationship between thickness-to-diameter
ratio and critical pressures, strains, and water permeation rates, by J. D. Stachiw
and K. Mack. Port Hueneme, Calif., June 1968. (AD 835492L)

4. . Technical Report R-679: Failure of thick-walled concrete spheres
subjected to hydrostatic loading, by H. H. Haynes and R. A. Hoofnagle. Port
Hueneme, Calif., May 1970. (AD 708011)

5.- . Technical Report R- : Behavior of 66-inch OD concrete spherical
Hulls under Hydrostatic Loading, by H. H. Haynes and L. F. Kahn. Port
Hueneme, Calif. In preparation, 1971.)

59



3T OF SYMBOLS

Area of concrete removed and replaced by oe, lon Exterior longitudinal stress (psi)

joint ring jai lt Interior latitudinal stress (psi)

Cross-sectional area of joint ring 0ogo Interior longitudinal stress (psi)

Outside diameter of sphere (in.)
U'yp 0.2% offset yield point

Modulus of elasticity (psi)

Secant modulus of elasticity of concrete (psi)

Modulus of elasticity of ring material (psi)

Ultimate uniaxial concrete strength (psi)

Applied pressure (psi)

C Ratio of applied pressure to concrete strength

Implosion pressure (psi)

1/fc Ratio of implosion pressure to concrete

strength

Relative stiffness

Wall thickness of sphere (in.)

)o Ratio of wall thickness to outside diameter

Unit weight of concrete (pcf)

Spherical angle (deg)

Exterior latitudinal strain (in./in.)

long Exterior longitudinal strain (in./in.)

Interior latitudinal strain (in./in.)

ong Interior longitudinal strain (in./in.)

Poisson's ratio

Exterior latitudinal stress (psi)
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Two modes of failure for hollow concrete spheres subjected to
hydrostatic pressure loadings are discussed, and the experimental results
are presented. The first mode of failure was crack development in the plane
of the concrete wall, and the second mode was implosion. From experiments
using 16-inch-OD spheres, the difference between the pressures at failure for
the two modes ranged from 0 to 50%. Expressions to predict the pressures
at initiation of in-plane cracking of the concrete wall and the pressures at
implosion are presented.
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OBJECTIVE

The main objective was to develop preliminary expressions which
would describe the failure behavior of concrete spheres under hydrostatic
loading. The equations would be useful in predicting the range of depths in
the ocean where concrete spheres could have application. A secondary objec-
tive was to determine the influence of concrete strength on the failure of
thick-walled spheres under hydrostatic loading.

INTRODUCTION

In general, material development for underwater structures has been
directed toward producing materials, namely steels and aluminums, with a
high strength-to-weight ratio for use in movable structures. The high-strength
material approach was necessary to advance state-of-the-art technology for
military submarines and research submersibles. For structures located perma-
nently or semipermanently on the ocean floor, the functional requirements of
the construction material are different from those of submersibles. Permanent
structures do not require positive buoyancy and, therefore, could be constructed
from materials with a low strength-to-weight ratio. These weaker materials
could prove to have a major economic advantage over high-strength materials.
The United States Navy desired to develop various materials which would be
suited for different operational requirements. Concrete is one material which
appeared suited for permanent structures.

Concrete possesses the desirable features of low cost, good compressive
behavior, and high resistance to deterioration in seawater.' The ability of the
material to function in the ocean at depths to 130 feet has already been dem-
onstrated; the Chesapeake Bay Bridge Tunnel in Virginia, the St. Lawrence
River Tunnel at Montreal, and the Trans-Bay Tube at San Francisco are examples
of transportation tunnels that were constructed from precast concrete sections
joined together underwater. However, the maximum depth capability for
underwater concrete structures has not been investigated. Therefore, this study
was initiated to determine the range of depths within which concrete structures
would have application.

11



The approach of the study toward fulfilling the objective was as

follows. To permit the analytical prediction of the failure pressures of concrete
spheres, an experimental program was performed to determine the influence of

concrete strength on implosion pressure. By incorporating this data with results
from previous studies,2 4 sufficient data was available to develop an empirical
expression to predict implosion of spheres.

A study on the mechanics of failure of the spheres generated a concept
of a different mode of failure. This failure mode considered the cracks which
initiated in the concrete wall prior to implosion and which developed in a
direction parallel to the maximum principal stresses. Previously conducted
research was employed to validate a modified expression for elastic thick-walled
spheres, which was developed to predict the pressure at the initiation of in-plane
cracking.

BACKGROUND

Since 1966, the Naval Civil Engineering Laboratory has been involved
in experimental studies on concrete hollow spheres subjected to simulated
hydrospace loadings. The major objective of this research was to determine
the practicability of employing concrete as a construction material for deep-
ocean (below 600 feet) structures. The research programs2 "4 were exploratory
investigations into the behavior of concrete spheres under external hydrostatic
loading; they were designed to define areas for future research.

The first investigation2 on concrete pressure hulls showed that model
spheres with 16-inch outside diameter (OD) and 1-inch wall thickness (t/D.
ratio of 0.0625) were capable of ultimate resistances equal to the pressure
loading imposed at approximately 7,000 feet in the ocean. These buoyant
hulls with a weight-to-displacement ratio of 0.725 imploded at hydrostatic
pressures greater than predicted by elastic thick-walled theory. Thus, the
pressure-resistant behavior of the concrete spheres showed the material had

potential for use in deep-ocean structures.
The objective of the second investigation3 was to determine the effect

of hull discontinuities, such as hatches, windows, or electrical penetrations,
on the structural behavior of concrete spheres. It was reported that hull
penetrations with a greater stiffness (modulus of elasticity) than concrete had
no significant effect on the strain distribution or implosion pressure of concrete
spheres.

The third study4 investigated the influence of the wall-thickness-to-
outside-diameter ratio (t/D,) on the behavior of concrete spheres. Four
t/D. ratios were investigated: 0.0625, 0.1250, 0.1875, and 0.2500. The wall

2



thickness varied from I to 4 inches in increments of 1 inch, while a constant
outside diameter of 16 inches was maintained. The test results showed that
implosion pressure was a quasilinear function of the t/D o ratio. As is shown
in Figure 1, this finding was anomalous to elastic thick-walled theory. Another
test result observed by Stachiw 4 but not predicted by elastic theory was the
strain behavior on the interior surface of spheres with wall thicknesses of 2,
3, and 4 inches (t/D, ratios of 0.1250, 0.1875, and 0.2500 respectively). The
strains were congruent with elastic behavior until at some pressure loading
they began to decrease in magnitude, while the spheres continued to sustain
considerable increases in pressure loading. It was postulated that the interior
concrete surface began to spall, which would have accounted for the relaxation
in strains. This explanation does not appear to the authors as complete; with
spalling, the wall thickness would become thinner which would tend to cause,
not delay, implosion. Discussion of this strain behavior is presented in this
report under "In-Plane Cracking."

16
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0 Concrete strength, fc = 11,000 psi
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Figure 1. Comparison of experimental and theoretical implosion behavior.
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An analytical method was proposed by Stachiw 4 to predict strains on
the interior and exterior surfaces of concrete spheres. The classical Lame
expressions for thick-walled elastic spheres were utilized and predicted strains
with good agreement to experimental values, providing the instantaneous secant
modulus of elasticity was used in the calculations instead of the initial modulus.

To minimize variables, all of Stachiw's work was performed on spheres
constructed using the same concrete mix design; hence, the ultimate concrete
strength of the sphere specimens remained essentially constant within a range

of 9,000 to 11,000 psi. (The concrete strength was determined by uniaxial
compression tests on 3 x 6-inch concrete control cylinders.) Concrete strength
as an independent variable was not investigated.

The experimental program of the present study was designed to generate
data from spheres constructed of a concrete with a strength different from that
of previous studies2 "4 so that a more general understanding of the failure modes
of concrete spheres could be obtained.

TEST PROGRAM

Experiment Design

The objective of the test program was to generate experimental results

so that the effect of concrete strength on the implosion pressures of spheres of
various t/D. ratios could be determined. The experimental program consisted
of testing spheres with a lower strength concrete than that in previous tests
while maintaining casting, fabricating, and testing procedures similar to those
in past work.2 "' The concrete mix design used in Stachiw's work was altered

to obtain a strength of 6,000 psi by increasing the water/cement ratio, decreas-
ing the curing period, and changing the type of cement. However, when the

altered mix was compared to the original mix design, they were, except for
strength, essentially equivalent because the type of aggregate, aggregate pro-
portions, and aggregate/cement ratio were identical.

Four 16-inch-OD model concrete spheres were constructed and tested

in ocean simulation facilities. The spheres had wall thicknesses of 1, 2, 3, and
4 inches as shown in Figure 2, which correspond to tD ratios of 0.0625,
0.1250, 0.1875, and 0.2500 respectively. Two hemisphere sections joined with
an epoxy bonding agent formed the spherical hulls. Hydrostatic pressure test-
ing of the hulls was performed in the NCEL pressure test facility; the general

test setup is shown in Figure 3. The spheres were loaded at a constant pres-
surization rate of 100 psi/min until implosion. A detailed description of
specimen fabrication and test procedure is presented in the Appendix.
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Figure 2. Concrete hemispheres of 16-inch outside diameter.

Test Results

Implosion pressures of spheres and corresponding concrete strengths
are presented in Table 1. Figure 4 shows the relationship between wall-thickness-
to-outside-diameter ratio (t/D o ) and implosion pressure (Pim). The relationship
is closely approximated by a straight line. Stachiw 4 reported a similar linear
relationship for spheres with a concrete strength of 11,000 psi as shown in
Figure 1.

Another finding, which coincided with earlier work,4 was evidence that
the concrete had cracked in the plane of the wall. Figure 5 is a view of this in-
plane cracking, which was visible in the wall of the sphere with a t/D o ratio of
0.2500. The following section discusses the development and the influence of
these cracks on the behavior of the spheres.
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Figure 3. Concrete sphere prior to placement in pressure test facility.
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Figure 4. Experimental relationship between implosion pressure and
t/D0 ratio for co. .crete spheres.

Figure 5. Evidence of in-plans cracking in sphere 38, tID0 ratio 0.2500.



Table 1. Concrete Sphere Test Results

Implosion Concrete

Sphere t/Do  Pressure, Strengthb Pim/f'
Number" Ratio Pirn f Ratio

(psi) (psi)

35 0.0625 1,710 6,090 0.281

36 C 1250 3,375 5,750 0.587

37 0.1875 5,280 5,990 0.882

38 0.2500 7,370 6,080 1.212

a Numbering system is continued from Reference 4.

b Average of six 3 x 6-inch control cylinders tested under uniaxial compression.

DISCUSSION

Introduction

The response of concrete spheres to short-term hydrostatic loading
was sequentially: elastic behavior, crack development near the interior wall
and, finally, implosion. The development of cracks within the concrete wall
relieved strains and commenced a mode of behavior which had an overall
effect of increasing the implosion pressures of concrete spheres beyond the
limits predicted by elastic theory. Because the presence of such cracks would
probably be detrimental to the structural behavior of spheres under cyclic or
long-term loading, the initiation of cracking in the concrete wall was defined
as a failure mode. In-plane cracking failure is discussed prior to implosion
failure so that the effect of cracking on the mechanics of implosion may be
better understood.

In-Plane Cracking

A combined stress state is induced in the wall of a thick-walled sphere
which is subjected to hydrostatic pressure loading. Most of the wall cross
section is under a triaxial stress state where tangential stresses at a defined
radius are equal and where the radial stress varies from maximum at the exterior
surface to zero at the interior surface. Thus, the interior surface is under
biaxial stress. Figure 6 illustrates schematically the stresses that are imposed
on elements of the wall at the interior and exterior surfaces. Because the
maximum tangential stress exists at the interior surface and because concrete
is weaker in biaxial than in triaxial compression, the interior surface is the
critical location.
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The development of
- cracks.in concrete subjected to

compressive biaxial stress has
s been observed by Robinson6 to

o t / Sti develop in the direction parallel
Sto - o! to the maximum principal stresses.

/ ' St_' Sri 0 His experiments using biaxiallyExtrna preInternal pressure, Pi = 0 loaded concrete slabs showed that
E-enlp- _____ cracking occurred in the plane of

A ro the slab, as seen in Figure 7, due
to the Poisson effect in the unre-

Figure 6. Stresses on elements strained direction. Similar cracking
located at exterior and would be expected to occur in
interior wall surface of the walls of concrete spheres
concrete sphere loaded because biaxial stresses existed
under external hydro- at the interior wall and because
static pressure. within the wall the maximum

principal stresses in the tangential
direction were many times greater

S than the minimum principal stresses
in the radial direction.

Stachiw 4 reported a
relaxation or decrease of strains
as shown in Figure 8, while the
spheres continually resisted
increases in hydrostatic pressure
loading. From fragments of
imploded spheres, he also observed
that cracks existed in the plane
of the wall. In the present inves-
tigation, in-plane cracking was

in-plane observed in the fragments of
cracking imploded spheres with t/D o ratios

of 0.1875 and 0.2500. Figure 5
shows distinctly a crack which

Figure 7. Crack development in runs in the plane of the wall approx-
concrete under biaxial imately 1 inch from the exterior
loading, surface; this type of cracking on

a more extensive basis probably
occurred within the 1 inch of
concrete missing on the interior
surface.
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0- cracking of concrete

Concrete strength,==fc 11,00oos
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Figure 8. Typical strains on interior wall of sphere with

t; 44

t/D o = 0.2500 (after Stachiw4 ).

From test results presented by Stachiw,4 the hydrostatic pressure at

which in-plane cracking of concrete commenced, Ppl, can be determined and,

as shown in Figure 8, was taken at the point where strains began to decrease.

Table 2 presents experimental values of in-plane cracking taken from Stachiw's 4

work, and Figure 9 shows the relation between the pressures at in-plane crack-
ing and implosion. As the wall-thickness-to-outside-diameter ratio increased,

the difference in pressures between the two modes of failure also increased.

Table 2. In-Plane Cracking Results

I____Experimentala____
Sphere t/Do  Calculatedb Exp Ppllfc
Number Ratio Ppl f P Ppl/fc Calc PpI/fc

(psi) (psi) Ppl/fa

21 0.0625 3,240 11,240 0.288 0.297 0.97

25 0.1250 5,960 10.920 0.545 0.520 1.05

29 0.1875 7,220 11,530 0.626 0.680 0.92

33 0.2500 8,860 10,920 0.812 0.788 1.03

a Data was obtained from experimental results after Stachiw.4

b These values were calculated using Equation 5 of this report.
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Figure 9. Initiation of in-plane cracking in relation to implosion
pressure (after Stachiw 4).
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In order to predict the pressures at which in-plane cracking of concrete

commenced, the Lame classical expression to calculate the stress distribution

within a sphere subjected to uniform external pressure was initially applied to

the data and was then modified to account for the biaxial strength of concrete.

The elastic thick-wall theory in its general form is expressed as follows:

Poro3 (r3 + 2 r3
PO r03

and Sr 3 3) (2)

where Sr = wall stress in tangential direction (psi)

Sr = wall stress in radial direction (psi)

P. = external pressure (psi)

ro = exterior radius (inches)

ri = interior radius (inches)

r = radius to location in wall under consideration (inches)

To find the stress at the critical location, r = r, was substituted into

Equations 1 and 2. The equations reduced to the form

St = 1P (3)

\ro/

and Sr =0

It was assumed that the pressure at initiation of in-plane cracking, PP,

initiated when the maximum principal stresses equaled fc', the compressive

strength of the control cylinders. Substituting f, for S, and PP, for Po in

Equation 3 yielded an expression for the pressure at initiation of in-plane

cracking in terms of sphere geometry and concrete strength,

2 (r, 3 (4)

12



where Pp, = pressure at initiation of in-plane cracking (psi)

f' = compressive strength of concrete control cylinders (psi)

Equation 4 is based on elastic thick-wall theory. Figure 10 shows that
Equation 4 predicted a lower in-plane cracking pressure than experimentally
observed, probably because major cracking did not occur at a wall stress equal
to the uniaxial compressive strength. Instead, the improved concrete strength
under biaxial compression must have increased the pressure load required to
begin in-plane cracking.

1.0

Initiation of in-plane 4
0c cracking (after Stachiw)

0.c

modified elastic theory,

0

-- °" ~OPpl =  90f - 1

-0.6 f[-( 7ri E

000

E
0

C.)
-; 0.4

C

0.2 o elastic thick-wall theory
wu 0.2

0
0 0.06 0.10 0.15 0.20 0.25

ThicknmeOutside Diameter (tD.) Ratio

Figure 10. Prediction of in-plane cracking in concrete spheres
with various t/Do ratios.
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Vile,7 in one of the most comprehensive publications on the strength
of concrete and mortar under short-term biaxial loading, reported that the
strength of mortar subjected to equal biaxial stresses increased by a factor of
1.30 over the uniaxial strength. (The concrete used in the spheres was techni-
cally a mortar.) Figure 10 shows the effect of increasing the concrete strength,
f', in Equation 4 by Vile's factor of 1.30. The function is in agreement with
experimental data; however, the curve is still conservative which indicates that
Vile's factor of 1.30 may possibly be low for the spheres. The biaxial strength
factor could have been greater for the concrete in the spherical test specimens
than in Vile's cube test specimens because in the sphere the curvature of the
interior surface may have contributed a positive influence on strength due to
geometry; also the triaxially stressed concrete adjacent to the interior surface
may have had a small but positive effect on increasing the strength.

The actual biaxial strength of the concrete in the spheres was determined
by assuming that for the spheres with a t/Do ratio of 0.0625, in-plane crack
initiation and implosion occurred simultaneously; the assumption appeared valid
for the test results. Equation 3 yielded an ultimate biaxial stress of 15,300 psi.
The uniaxial concrete strength from control cylinders was 11,340 psi; therefore,
the uniaxial-to-biaxial strength increase was a factor of 1.35. Equation 4 was
modified to account for this increase in uniaxial concrete strength as follows:

P., (.35) f,' -ko
S(r,

or P = 0.90f" - (5)

Figure 10 shows that Equation 5, a modified elastic theory expression which
accounted for the biaxial strength of concrete, predicted the pressure at
initiation of in-plane cracking in good agreement with the experimental results.
Table 2 presents the correlation between experimental and calculated values
of in-plane cracking pressures.

Implosion Failure Mode

Including Stachiw's data,2 4 a total of 27 spheres have been tested to
implosion under short-term loading conditions. Table 3 summarizes the test
results for these specimens, and Figure 11 shows the influence of concrete
strength on the implosion pressures of spheres of various t/D. ratios. In
general, an increase in concrete strength resulted in an increase in implosion

14



pressure. Figure 12 shows the relationship between two nondimensional
parameters (a) implosion-pressure-to-concrete-strength ratio (Wim /f,) and

(b) wall-thickness-to-outside-diameter ratio (t/D.) as a straight-line function.
A least squares analysis gave the following empirical relationship.

= 4.8 f(' o ) 0.06 < t/D o 4 0.25 (6)Pim 
.( 1

where Pim = implosion pressure (psi)

Concrete strength,

12

> 11,500 to 10,500

10,500 to 9,500

Or0 9,500 to 8,500
o 10-
x 0 8,500 to 7,500

I [D 6.000

8

3$
a._

CL
c

E 6 E
00

22
Ell

0
0 0.05 0.10 0.15 0.20 0.25

Thicknams/Outside Diameter (tD) Ratio

Figure 11. Implosion pressures of spheres of various concrete strengths.
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Figure 12. General relationship for predicting implosion pressures of
concrete spheres subjected to hydrostatic loading.
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Table 3. Summary of Implosion Test Resultsa

Implosion Concrete

Sphereb t/D o  Piessure, Strength, Pi/f'
Ratio Pim f, Ratio

(psi) (psi)

1 0.0625 3,100 8,990 0.345
2 0.0625 3,050 9,750 0.313
3 0.0625 3,200 9,930 0.322

5 0.0625 2,850 8,160 0.349
6 0.0625 2,500 8,140 0.307
8 0.0625 3,600 11,200 0.322

12 0.0625 2,750 7,790 0.353
14 0.0625 3,300 9,640 0.343
15 0.0625 3,485 11,210 0.311

16 0.0625 3,400 11,170 0.304
18 0.0625 3,375 11,480 0.294
19 0.0625 3,450 11,270 0.306

20 0.0625 3,425 11,530 0.297
21 0.0625 3,240 11,240 0.288
23 0.1250 5,720 11,190 0.512

24 0.1250 6,330 11,040 0.573
25 0.1250 6,590 10,920 0.602
27 0.1875 9,250 10,370 0.892

28 0.1875 9,175 10,830 0.846
29 0.1875 9,500 11,530 0.823
31 0.2500 13,800 10,990 1.255

32 0.2500 13,575 11,180 1.215
33 0.2500 13,550 1C.920 1.240
35 0.0625 1,710 6,090 0.281

36 0.1250 3,375 5,750 0.587
37 0.1875 5,280 5,990 0.882
38 0.2500 7,370 6,080 1.212

'Sphere numbers 1-16 were subjecterl to various loading conditions. Spheres 18-38 were
tested under identical loading conditions where pressurization rate was 100 psi/min.

b Concrete spheres were all waterproofed except numbers 5, 6, and 12. Missing sphere

numbers pertain to spheres that were used to study other variables.
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Figure 13. Comparison of failure modes for concrete spheres subjected
to hydrostatic loading.

Figure 13 graphically compares the implosion and in-plane cracking
modes of failure for hydrostatically loaded spheres. The deviation between
the modes of failure resulted from in-plane cracks which caused a redistribu-
tion of stresses within the wall. With commencement of in-plane cracking,
the highest stresses on the interior wall were relieved and the concrete nearer
midthickness sustained increased load. Within the wall triaxial stress conditions
existed so the concrete was capable of attaining considerably higher levels of
stress than concrete subjected to uniaxial stresses. As the wall thickness became
greater, two conditions aided in increasing the implosion failure pressure of the

sphere beyond that predicted by elastic thick-wall theory. The first was that

a greater percent area across the wall reached the ultimate concrete compressive
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Figure 14. Tentative operational depth ranges of concrete spheres based

on the failure mode of in-plane cracking.

strength resulting in a near uniform stress distribution across the wall. The
second was that the greater wall thickness confined the concrete more effec-
tively than in the thinner walls so that the actual ultimate compressive strength
of the concrete was greater in the thicker walled spheres. Hence, as the wall
thickness increased the concrete was capable of attaining a higher and more
uniform stress state than that in the thinner walled spheres. This behavior
would permit the possibility of attaining a straight-line relationship between
Pim /fc' and t/D o .

UNDERWATER CONCRETE STRUCTURAL APPLICATIONS

The depth range for which concrete structures have application in the

ocean can be forecast on the basis of the experimental information generated
to date. It is important that a tentative ocean depth range for concrete be
ascribed so that ccean structural engineers are cognizant of the potential of

concrete for undersea construction. Figure 14 shows tentative operational
depths for concrete spheres for a wide range of t/D 0 ratios and allowable
concrete strengths. The curves are based on initiation of in-plane cracking
(Equation 5). A factor of safety can be applied to the curves by the individual
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reader by assuming an allowable concrete stress (as opposed to the ultimate

concrete strength). State-of-the-art concrete technology would permit the

upper limit on allowable concrete strength to be approximately 4,000 psi;
however, in the near future allowable strengths on the order of 10,000 psi
may be feasible with the development of concrete-polymer materials.8

Buoyancy considerations constrain the practical range of t/Db ratios

for concrete spheres to between 0.06 and 0.12. Hence, at the present time,

3,000 feet in the ocean appears as the limiting operational depth for concrete

spheres; however, this depth will become greater as concrete technology

advances.
Another design constraint on underwater structures is the ratio of the

hull weight to the weight of displaced seawater. (Positively buoyant structures
have a weight/displacement ratio of less than 1.) Figure 15 shows the relation-

ship between weight/displacement and t/D. ratios for various densities of
concrete. The figure portrays the design flexibility inherent in using concrete
as a construction material for creating positively or negatively buoyant spheres.

The major advantage of utilizing concrete in pressure-resistant structures

is that very large installations, 50 feet in diameter and greater, could be built

economically. Spheres having a constant VD. ratio but an increase in outside
diameter have an exponential weight increase; hence, for large diameter spheres,
small changes in the weight/displacement ratio represent significant changes in
actual pounds of buoyancy. Therefore, a requirement of large facilities is to
have a weight/displacement ratio that is in the approximate range of 0.90 to

1.10; because outside this range the actual buoyancy, either positive or negative,
becomes excessive. Figures 16 and 17 show actual buoyancy values for various

/D o ratios; note in Figure 16 that a sphere 50 feet in outside diameter with a
VD. ratio of 0.08 (or a 4.0-foot wall thickness) would have a positive buoyancy
of 400,000 pounds, but by increasing the /Do ratio to 0.09 (a 4.5-foot wall
thickness) the buoyancy would be reduced to 100,000 pounds.

Permanent facilities located on or under the ocean floor will eventually

represent a large portion of all underwater structures, although at present, no
such facilities exist which are not land connected. However, with the advent

of new generation submersibles capable of carrying high payloads, men and
equipment will be easily transferred to and from permanent structures. Con-
crete as a material will someday be as important for underwater construction
as it is on land today.

Applications for permanent facilities are numerous. Some examples
are concrete containment vessels for undersea nuclear reactors; facilities to

function as undersea garages for the repair of submarines; stations to monitor
all sea-going vessels; and enclosures to process minerals, pump oil, or farm sea
life.
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Figure 15. Weight/displacement values for concrete spheres of
various t/D o ratios.

FINDINGS

1. A straight-line relationship between implosion pressure and wall-thickness-
to-outside-diameter ratio was established for a given concrete strength; the slope
of the straight-line relationship increased for increases in concrete strength.

2. Two modes of failure, in-plane cracking and implosion, existed for thick-
walled concrete spheres having a t/Do ratio greater than 0.0625, while spheres
having a t/Do ratio of 0.0625 appeared to experience implosion failure only.

3. A modified elastic theory expression, (Equation 5) which accounted for
the strength of concrete under combined stresses was developed to predict
the pressure at initiation of in-plane cracking in concrete spheres.

4. A linear, empirical expression, (Equation 6) was developed to predict the
implosion pressures of small concrete spheres.
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CONCLUSIONS AND RECOMMENDATIONS

It appears that small concrete spheres subjected to short-term hydrostatic
loading implode at pressures which are linearly related to the wall-thickness-to-
ouiside-diameter ratio in the range 0.0625 through 0.2500.

Caution must be exercised in applying the results presented on in-plane

cracking. The expression to predict this failure mode (Equation 5) was sub-
stantiated by only three sphere tests, whereas the implosion failure expression
(Equation 6) was supported by 27 tests. However, the presence of an in-plane
cracking failure mode prior to implosion was strongly evident from strain data,
and the development of the expression to predict the pressure at in-plane cracking
was rational. Hence, the authors recommend that tentative, generalized predic-
tions on the depth capability of concrete spheres in the ocean be based upon the
pressure at initiation of in-plane cracking, and that concrete be considered as a
construction material for underwater structures for use above the depth of
3,000 feet.
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Appendix
6

SPECIMEN FABRICATION AND TEST PROCEDURE

SPECIMEN DESCRIPTION

Dimensions

Test specimens were concrete spheres having a constant outside
diameter of 16 inches with inside diameters of 8, 10, 12 and 14 inches.
Dimensional tolerances on the diameters were held to within ± 1/32 inch.

Material

Type II, low heat of hydration, portland cement and San Gabriel river
aggregate were the concrete conltituents. Aggregate proportions are outlined
in Table 4. The water/cement ratio was 0.70 by weight, and the aggregate/
cement ratio was 3.30 by weight. Concrete control cylinders, 3 x 6 inches,
attained a uniaxial compressive strength of approximately 6,000 psi in a curing
period of 28 days. The curing conditions were 14 days at 100% RH and 730 F
and 14 days at room conditions.

Table 4. Aggregate Proportions of Concrete

Passing Retained on Percent
Screen No. Screen No. Retained

4 8 29.6

8 16 20.8

16 30 .4.7

30 50 10.3

50 100 7.3

100 pan 17.3

Total 100.0
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Figure 18. Mold for casting 8.inch-ID, 4-inch wall thickness concrete
hemispheres.

Casting

Concrete hemisphere sections were cast in a rigid aluminum mold.
Figure 18 shows the assembled mold ready for casting concrete, while Figure 19
shows the various interior molds for the construction of hemispheres with dif-
ferent wall thicknesses. The molds were prepared for castin by initially spraying
the aluminum with clear enamel paint and then applying a coat of silicone grease.

An external form vibrator was attached to the 'J',derside of the mold

and was in operation throughout casting of the conrete. The concrete was
mixed in a pan-type mixer for a total of 3.0 minutes and then slowly placed
into the mold, usually within the next 4 minutes.

The day after casting, the hemisphern was removed from the mold and
the interior surface was usually pitted wit', numerous small air pockets. These
voids were fully exposed by rubbing dr, wn the surface with steel wool, and
then the voids were filled with a cement paste consisting of Type III portland
cement and pan-size aggregate in , ratio of 1: 1 with only enough water to form
a workable mix.
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0 "ii,

Figure 19. Interior molds for concrete hemispheres.

Fabrication

Spheres were fabricated by bonding together two hemisphere sections
with an epoxy adhesive. Each section had its annular mating surface ground
smooth by rotating the hemisphere on a sheet of plate glass which was covered
with water and no. 60 silica carbide grit. The mating surfaces were then cleaned

and etched with 10 /o hydrochloric acid solution to assure good bond between
the epoxy and concrete. The final thickness of the epoxy joint was 1/32 to
1/16 inch. All spheres were waterproofed by coating the exterior surface with
three applications of a waterproofing epoxy.

A schematic diagram of a fabricated concrete sphere is shown in Figure 20.
The sphere was attached to the head of the pressure vessel by a steel, through-
hull penetration located at the apex of the top hemisphere and bonded to the
concrete with epoxy. A hole through the middle of the penetration provided
atmospheric pressure to the interior of the sphere.
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Figure 20. Schematic diagram of concrete sphere assembled for testing.

TEST PROCEDURE

The concrete spheres were tested to failure in an 18-inch-ID pressure
vessel having an operational capability of 20,000 psi. Freshwater was used
as the pressurizing medium. Hydrostatic pressure loading was applied at a
constant rate of 100 psi/min until implosion occurred, and the implosion
pressure was recorded. Implosion was signaled by a sharp noise and a rapid

decrease in hydrostatic pressure.
The fragments of the imploded spheres were removed from the pressure

vessels and inspected for in-plane cracking of the wall. Figures 21 through 24
show the relative size of the fragments of the test specimens.
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Figure 21. Some fragments of sphere 35, t/D 0 ratio 0.0625.

Figure 22. Some fragments of sphere 36, tID0 ratio 0.1250.

29



Figure 23. Some fragments of sphere 37, t/Do ratio 0.1875.

Figure 24. Some fragments of sphere 38, t/D o ratio 0.2500.
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LIST OF SYMBOLS

Do  Outside diameter of sphere (in.)

f, Uniaxial compressive strength of corcrete control
cylinder (psi)

Pi Pressure inside sphere (psi)

Pim Externally applied hydrostatic pcssure to c(ause

implosion of sphere (psi)

P0  Pressure outside sphere (psi)

PPp Pressure at initiation of in-plane cracking (psi)

r Radius of sphere under consideration (in.)

ri  Inside radius of sphere (in.)

ro  Outside radius of sphere (in.)

S Stress in sphere wall thickness (psi)

Sr Radial stress in sphere wall thickness (psi)

Sri Radia) stress at inside surface of sphere wall
thic;.nes- (psi)

Sro R Adial stress at outside surface of sphere ivall
thickness (psit

St  Tangential stress in sphere wall 'iickness (psi)

Sti Tangertiai stress at inside surface of sphere wall
thickness kpsi)

Sto Tangential stress at out d. surfa-e of sphere wall
thickness (psi)

t Wall thickness of sphere (in.)

p Density of concrete (b/ft 3 )
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BEHAVIOR OF 66-INCH CONCRETE SPHERES UNDER SHORT-
AND LONG-TERM HYDROSTATIC LOADING

Technical Report R-774

3.1610

by

H. H. Haynes and L. F. Kahn

ABSTRACT

Fourteen unreinforced concrete and mortar spheres, 66 inches in
outside diameter (OD) and 4.125 inches in wall thickness, were subjected to
simulated deep-ocean loading conditions. The average short-term implosion
pressure for wet-concrete spheres was 2,350 Dsi and for the dry-concrete
spheres was 2,810 psi; the average uniaxial compressive strength of the con-
crete was respectively 7,810 psi and 9,190 psi. From control cylinders, it
was found that the uniaxial compressive strength of wet concrete was 10%
weaker than that of dry concrete. The ratio of implosion pressure to com-
pressive strength, Pim/f:, was nearly equal for the wet- and dry-concrete
spheres at 0.301 and 0.306. The implosion pressures for the 66-inch-OD
concrete spheres could be predicted conservatively from an empirical equa-
tion developed from 16-inch-OD mortar spheres. The equation was not valid
for 66-inch-OD mortar spheres, which were found 30% weaker in implosion
strength than the 66-inch-OD concrete spheres.

Under long-term loading, the concrete spheres failed by static fatiguc
where the relation between level of sustained pressure and time to implosion
was similar to that known for concrete under uniaxial loading. Wet-concrete
spheres under seawater pressure as high as 1,670 psi showed an average D'Arcy's
permeability coefficient, Kc, of 0.13 x 10-12 ft/sec; this Kc value was also
similar to that known for concrete under freshwater pressure as high as 400
psi. Design guides were developed to predict the short- and long-term implo-
sion pressures and permeability rates of concrete spheres.
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INTRODUCTION

The objective of this experimental program was to determine the
behavior of large model concrete spheres subjected to short- and long-term
hydrostatic loading conditions. The purpose for the study was to generate
data that would aid in developing design guides for utilizing concrete as a
construction material for undersea pressure-resistant structures.

The Naval Facilities Engineering Command (NAVFAC) sponsored
this research to advance the state of concrete technology related to undersea
structures. Portland cement concrete exhibits several qualities that make the
material highly desirable for ocean structures. Concrete is highly durable in
the seawater environment and is low in cost-both features are good advan-
tages for massive structures with long-term undersea missions. Also, complex
structural shapes of double curvature, such as spheres, are fabricated rather
easily (even mass-produced) with use of concrete materials.

The Naval Civil Engineering Laboratory (NCEL) has been conducting
research on pressure-resistant concrete spheres and cylinders since 1965.1-5
All this research has been performed on specimens of 16-inch outside diameter
(OD) and 1-, 2-, 3-, and 4-inch wall thicknesses. These investigations tested
over 50 model spheres,* and the results showed that concrete was structurally
capable of being used as a deep-ocean construction material. The maximum
operational depth appeared to be 3,000 feet for a buoyant concrete spherical
structure.

EXPERIMENTAL PROGRAM

SCOPE

This experimental program consisted of hydrostatically testing 14
unreinforced concrete and mortar spheres, 66 inches in OD and 4.125 inches
in wall thickness (t/Do** = 0.0625). Table 1 presents a summary of the

0 Over 25 model cylindrical structures have been tested.
* Ratio of wall thickness to outside diameter.



specimens. Eleven of the spheres were fabricated from a concrete with
3/4-inch-maximum-size aggregate and were subjected to short- or long-term
loading with the concrete either dry or wet.* Three spheres were fabricated
of mortar (small-aggregate concrete) and were tested under short-term hydro-
static loading with the mortar dry.

Table 1. Specimen Summary

Sphere wal Condition of Instrumentation

Designation' Material Wall Prior Type of Test
to Test Strain Gages Change-in-Volume

CDS-1 concrete dry short-term yes yes

CDS-2 concrete dry short-term no yes

CWS-3 concrete wet short-term yes yes
b

CWS-4 concrete wet short-term no yes

CWL-5 concrete wet long-term yes yes
CWL-6 concrete wet long-term yes yes

CWL-7 concrete wet long-term yes yes
CWL-8 concrete wet long-term yes yes

CWL-9 concrete wet long-term yes yes

CDL-10 concrete dry long-term yes yes

COL-1I concrete dry long-term yes yes

MDS-1 mortar dry short-term no yes

MDS-2 mortar dry short-term no yes
MDS-3 mortar dry short-term yes yes

'For example: Cos means concrete Dry Short-term load; CWL means Concrete Wet Long-term
load; MDS means Mortar Dry Short-term load.

b Specimen leaked, so change-in-volume measurements were not accurate.

The deformation behavior of some spheres was recorded by using
strain gages or by measuring the change in volume of the specimen. The rate
of seawater permeation through the concrete wall was obtained for certain
spheres under long-term loading. Implosion data for all specimens were
recorded and compared with the behavior of 16-inch-OD by 1-inch-wall-
thickness (t/D o = 0.0625) mortar spheres; Figure 1 gives a comparison of
size between the small and large models.

* In this report "wet concrete" means hardened concrete that has been saturated with
seawater.
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Figure 1. Comparison of size between spheres of 66-inch OD with 4.125-inch wall
thickness and 16-inch OD with 1.0-inch wall thickness.

FABRICATION OF SPECIMENS

Unreinforced hemispheres were cast of concrete or mortar by use of
a steel mold (Figure 2). The day after the concrete was poured, the mold was
disassembled to remove the hemisphere (Figure 3). To moist-cure the concrete,
the hemisphere was wrapped first in wet burlap and then in polyethylene film.
Nine 6 x 12-inch control cylinders were cast with each concrete hemisphere;
six of the cylinders were cured inside the hemisphere enclosure, and three
cylinders were wrapped in wet burlap and polyethylene film and cured next
to the hemisphere enclosure. The latter cylinders were tested at an age of 7
days. Each hemisphere, with six corresponding cylinders, underwent 28 days'
moist-curing at ambient temperature inside an open building and an additional
28 days' curing at room conditions. Subsequently, the hemispheres were
placed outdoors in an unshaded location,

The mortar hemispheres underwent a different curing procedure. The
hemispheres were wrapped in polyethylene film, without wet burlap surround-
ing the mortar, but with approximately 8 gallons of water ponded at the bottom
of the hemisphere enclosure; they were cured outside in an unshaded location
for the first 28 days, after which the polyethylene was removed. Six 3 x 6-inch
control cylinders were cast with each mortar hemisphere and were cured inside
the hemisphere enclosure.

3
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Figure 2. Mold for casting concrete and mortar hemispheres.

Figure 3. Hemisphere being removed from mold the day after cast.
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When the hemispheres were over 60 days old, such operations as
applying strain gages, epoxy-bonding end penetrators into place, or water-
proofing the interior surface were performed. Finally, to fabricate a sphere,

two hemispheres were bonded together with an epoxy adhesive (Figure 4).

S:IL

Figure 4. Epoxy adhesive used to bond hemispheres together to form sphere.

Mix design information on the concrete and mortar is contained in
Appendix A. The concrete was manufactured at a local batch plant and
delivered via transit mix truck, whereas the mortar was batched and mixed
in-house. All the concrete hemispheres were X-rayed to ensure that poten-
tially deleterious inclusions were not present in the wall. Of 24 hemispheres,
two were rejected-the first because of an excessive number of small air
pockets in one general location and the second because of a few shrinkage
cracks concentrated around one location. Shrinkage cracks were rarely
observed in any of the other specimens. The mortar hemispheres were not
X-rayed.

A concrete hemisphere was measured to obtain accurate values of the
sphere dimensions and to determine out-of-roundness. Radius measurements

were made on the inside of the outer steel mold and on the inside of a concrete
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hemisphere. As shown in Figure 5, the measuring device had an adjustable

arm to obtain inside and outside radius measurements to the nearest one-
thousandth of an inch with use of an Ames dial.

Figure 5. Method and device used to obtain radius measurements.

Wall thickness values at 432 locations were calculated as the difference
between interior and exterior radii. A statistical ainalysis of the data yielded the
average hemisphere dimensions given in Table 2. In summary, the mean outside
diameter was 65.886 inches and the mean wall thickness was 4.124 inches.

The out-of -roundness deviations are also presented in Table 2. where
the maximum variation of the radius is presented as a percentage of the mean
wall thickness. Krenzke and Kiernan6 employed this method to determine
local out-of -roundness. They found that a near-perfect sphere was one that
had a local variation in dimension of less than 3% of the wall thickness. The
maximum local variation of the radius for the concrete sphere was on the
exterior surface and was smaller than the average radius by 5.94% of the wall
thickness.
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Table 2. Hemisphere Dimensions and Out-of-Roundness Variations

Standard Deviation Maximum Local Variation

Item Dimension Measured Percent of Measured Percent of
(in.) (in.) Wall Thickness (in.) Wall Thickness

I

Interior +0.145 +3.51
radius 28.820 ±0.093 ±2.26 -0.213 -5.16

Exterior 0.150 +3.64
E2xt43r0or83 ±2.01 4

radius -0247 -5.94

Wall 4 1.45 0.181 +-t.26
thicknes 4.1 -0.165 -3

TEST PROCEDURE

The concrete spheres were tested in NCEL's 72-inch-ID (inside
diameter) pressure vessel. Figure 6 shows a concrete sphere rigged for test-
ing being lowered into the vessel.

The interior of the sphere was vented directly to the atmosphere via
the top penetrator, thus ensurin that atmospheric pressure was always present
in the structure interior. Strain gage wires were led through the penetrator
and pressure vessel head to a data acquisition system.

Each sphere's interior was filled with water. The purpose was
twofold: firstly, to reduce the shock forces created by implosion and,
secondly, to measure the change in volume of the sphere under load. By
measuring the volume of water displaced from the interior of the specimen,
as shown in Figure 7, data were obtained on the change in volume of the
structure undei load.

The procedure for obtaining wet-concrete walls before testing was to
place an uncoated sphere on the bottom of the pressure vessel and allow the
seawater to fill the inside of the sphere, and then apply hydrostatic pressure.
The pressure was maintained usually for 7 days at 500 psi or until the pressure
became constant and showed no decrease, thus indicating that the air pockets
in the concrete were filled with water. The exterior and interior walls of dry-
concrete spheres were waterproofed with an epoxy or phenolic coating.

The hydrostatic load was applied to the specimens at a pressurization
rate of 100 psi/min. Implosion of the concrete spheres was abrupt and loud.
Pressure dropoff was almost instantaneous as the seawater inside the vessel
forced its way through the top penetrator to the vessel exterior. The failed
specimens were removed from the vessel, and the fragmented spheres were
inspected for failure location and unusual crack patterns.



Figure 6. Concrete sphere prepared for test in 72-inch-ID pressure vessel.



Figure 7. Procedure for collecting displaced water from sphere interior.

RESULTS AND ANALYSIS

SHORT-TERM BEHAVIOR

Implosion

Implosion test results are presented in Table 3. The concrete
spheres exhibited considerably higher implosion pressures, Pim, than the
mortar spheres for similar uniaxial compressive strengths, fc; average values
of the nondimensional strength parameter, Pim /fc, were 0.306 and 0.301 for
dry- and wet-concrete spheres, respectively. The difference between dry- and
wet-concrete spheres was not found significant in terms of PimIf' ratio; how-
ever, the uniaxial compressive strength of 6 x 12-inch control cylinders (from
specimens CWS-3 through CWL-9, see Appendix B) was reduced an average of
10% by wetting the concrete. This reduction in strength caused the wet spheres
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to implode at lower pressures, directly proportional to the strength decrease.
The average implosion pressures for the dry- and wet-concrete spheres were
2,810 and 2,350 psi for uniaxial concrete strengths of 9,190 and 7,810 psi,
respectively.

Table 3. Implosion Test Results

Sphere Wall Condition Imploson Uniaxial Compressive Pim/f
Designation Material Wall Pim (psi) Strength, fc (si)a Ratio

CDS-1 concrete dry 2,860 9,250 0.309

CDS-2 concrete dry 2,755 9,120 0.302

Average 0.3061 7960
CWS-3 concrete wet 2.500 (, 0 1 0 )b 0.314

CWS-, concrete wet 2,205 7,660 b 0.288

Average 0.301

MDS-1 mortar dry 1, 960 880 0.222

MDS-2 mortar dry 1,730 8010 0.216

MDS-3 mortar dry 1,780 9,150 0.195

Average 0.211

a Strengths were from control cylinders (six 6 x 12-inch cylinders for dry concrete, three

6 x 12-inch cylinders for wet concrete, and six 3 x 6-inch cylinders for the mortar) that
corresponded to the weakest hemisphere of the sphere.

b Dry-concrete strength from three 6 x 12-inch control cylinders.

The mortar spheres had an average Pim/f.' ratio of 0.211, approximately
30% less than that of the concrete spheres.

The mechanical properties of the control cylinders are given in

Appendix B. In general, the concrete and mortar had a uniaxial compressive
strength of approximately 8,000 to 9,000 psi; the secant modulus at one-half
f, was an average of 4.12 x 106 psi for concrete and 3.45 x 106 psi for mortar.

The moduli of wet and dry concrete were found to be approximately the same.
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Results of controlled tests on 3 x 6-inch and 6 x 12-inch specimens
showed the effect of control cylinder size on the compressive strengths of
concrete and mortar to be insignificant. These results are presented in
Appendix C. Hence, the compressive strength, f,, used in this report was
not modified for changes in control cylinder size between 3 x 6-inch mortar
cylinders and 6 x 12-inch concrete cylinders.

A view of a typical imploded sphere under short-term loading is
shown in Figure 8; post-implosion views of the other specimens are shown
in Appendix D. The specimens failed because the sphere had "flat spots"
that produced higher than average stresses at those locations and eventually
caused the concrete wall to fail in compression-shear. The typical concrete
compression-shear failure occurred along one arc of the sphere and was
usually 2 to 4 feet in length. Figure 9 shows a mortar sphere fragment that
revealed the compression-shear angle. For most specimens, the shear angle
ranged from 30 to 40 degrees from a line tangent to the exterior surface of
the sphere.

After the failure shear plane was formed, the instantaneous release
of strain energy in the wall coupled with the implosion shock forces usually
caused the concrete to break in many places. These secondary cracks were
normal to the exterior surface. Figure 9 also shows the secondary cracks.

Figure 10 shows a secondary crack that crossed the equatorial joint.
Note that the joint is hardly discernible. It appeared the effect of the joint
on the structural behavior of the sphere was not significant and did not lower
the implosion pressure.

Deformation

Strain. Concrete spheres CDS-1 and CWS-3 were instrumented with
12 interior and 12 exterior gages, as shown in the layout of Figure 11. Average
interior and exterior strain behaviors for the dry-concrete sphere, CDS-1, are
plotted in Figures 12 and 13. Strain data from wet-concrete sphere CWS-3
were considered unreliable and are not presented. (Wet-concrete strain data
are given in the long-term behavior section.)

The strain gage layout for the mortar sphere, MDS-3, was quite
different from that for the concrete spheres. Twelve 60-degree rosettes
were placed uniformly on each interior and exterior surface (a total of 72
single gages). Figure 14 shows a portion of the gage layout. The average
interior and exterior behaviors of the mortar sphere are shown in Figures
15 and 16.

Classical elastic theory for thick-walled spheres predicted that the
interior strain should have been approximately 15% greater than the exterior
strain. Results from the dry-concrete and mortar spheres showed that the
interior strain was greater than the exterior strain by 18 and 13%, respectively,
when the specimens were near implosion.
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Figure 8. Sphere CDS-1 after implosion failure under short-term loading.
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Figure 9. Sphere MDS-3 fragment that shows compression-shear failure angle.
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Figure 10. Finger points to epoxy joint between hemispheres.
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Figure 11. Strain gap layout for spheres CDS-1 through CWL-6. Spheres CWL-7
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Figure 12. Interior strain behavior of sphere CDS-1.
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Figure 13. Exterior strain behavior of sphere CDS-1.
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Figure 14. Rosette layout on interior of bottom hemisphere of sphere MDS-3.
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Figure 15. Interior strain behavior of sphere MDS-3.
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strain (strain on the order of 4,300 /inJin. compared with the average strain
of 2,600 pin.in.) signified that the rosette was at or near the center of a flat
spot where curvature was decreasing; whereas the rosette recording high tan-

gential shear strain signified that the rosette was on the edge of the flat spot
where the curvature was increasing in one direction. Hence, the concrete
failure occurred within a flat spot locality.

2,000

ample (30 gimgn)

1,50

A

E
X

au

sphere MDS-3 Idry mortar)
= 9, so psi

0 _ _ I I A O ~
0 1,000 2,000 3,000 4,000 5,000

Exteror Strain (jpinJin.)

Figure 16. Exterior strain behavior of sphere MDS-3.

Change in Volume. The spheres decreased in volume as the hydrostatic
pressure was increased. A direct measure of the change in interior volume was

obtained by collecting water displaced from the sphere interior. By assuming
that the sphere deformed uniformly under hydrostatic loading, the change-in-
volume measurements were directly related to interior strain values. For the
spheres, the accuracy of displaced-water measurements was ±3.53 x 10- 4 ft3

(±10 ml), which represented approximately ±2/jinJin. of interior strain.
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Figure 17. Compression-shear failure location for sphere MDS-3 shown in relation to
rosettes recording highest tangential shear and highest compressive strains.

Figures 18 and 19 show the short-term change-in-volume behavior
of the concrete and mortar spheres. For the dry-concrete and mortar spheres
the maximum change in volume was fairly constant at approximately 1% of
the total interior volume. This indicated that the implosion failure of the
spheres was defined by a strain criterion based on out-of-roundness. The
out-of-roundness for the concrete and mortar spheres was the same because
the same mold was used to fabricate the hemispheres. The change-in-volume
behavior of only one wet-concrete sphere (CWS-4) was obtained, and this
sphere imploded at an ultimate change in volume 25% less than the dry-
concrete spheres.
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Figure 18. Change-in-volume behavior for wet- and dry-concrete spheres.

Change-in-volume measurements were converted into interior strain
values and then compared to strain gage averages for two specimens, CDS-1
and MDS-3 (Figures 20 and 21). Excellent agreement was found between
change-in-volume and average strain behavior; thus, the change-in-volume
behavior was used as a reliable indication of interior strain behavior on the
other specimens that were not with instrumented strain gages.

Comparison With 16-Inch-OD Spheres

Considerable research on 16-inch-OD mortar spheres has been
previously conducted at NCEL. 1-4 The 66-inch specimens were directly

scaled from one particular model size, 16-inch 0D by 1-inch wall thickness;
the t/D o ratio for both size specimens was 0.0625. Five 16-inch-OD spheres
were tested under short-term loading conditions very similar to those for the

66-inch-OD specimens.
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Figure 19. Change-in-volume behavior for dry-mortar spheres.

Implosion. Table 4 compares the implosion results for the different
spheres. The 66-inch concrete spheres had an average Pim/fe' ratio 3% greater
than that of the 16-inch mortar spheres; whereas the 66-inch mortar spheres
had an average Pim/f,' ratio 28% less than that of the 16-inch mortar spheres.
An empirical equation was developed in earlier work to predict the implosion
pressures for 16-inch-OD spheres of various t/D o ratios between 0.06 and 0.25
(Appendix E summarizes this development). The equation is

Pim = 5.02(-) - 0.038] fe (1)
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where Pim = implosion pressure (psi)

t = wall thickness (in.)

Do = outside diameter (ir,.)

f, = ultimate uniaxial compressive strength from 3 x 6-inch
control cylinders (psi)

2XII
2,00____ ____

2,0000
Io

E
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x 00
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500 I I
strain gages laverage of 9 pes)

- - change in volume

0 5 0
0 500 1,000 1,500 2,000 2,500 30 3,500

Interior Strain (pinJin.)

Figure 20. Comparison of interior strains obtained from electrical resistance strain gages

and change-in-volume measurements for sphere CDS-1.

By use of Equation 1, predictions were made of the implosion
pressures for 66-inch-OD spheres. Figure 22 shows that for the 66-inch
concrete spheres the predictions were conservative to the same degree as
that for the 16-inch mortar spheres. However, for the 66-inch mortar
spheres, the predicted implosion pressures were considerably higher than
the actual implosion pressures.
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Figure 21. Comparison of interior strains obtained from electrical resistance strain
gages and change-in-volume measurements for sphere MDS-3.

Strain. The average strain behaviors for the different 16- and
66-inch-OD spheres are shown in Figure 23. To obtain the mean interior
strain behavior for the 66-inch-OD spheres of concrete and mortar, change-
in-volume and strain gage data were averaged together. Two 16-inch-OD
spheres compose the average for the smaller models. The ordinate of the
figure, ratio of external pressure to concrete compressive strength (P/f.), is
a nondimensional parameter that aids in comparing the different specimens
because the effect of a varying compressive strength between specimens has
been removed.
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Figure 22. Comparison of actual with predicted implosion pressure for short-term
loaed pheesby use of Equation 1.

Table 4. Comparison of Implosion Results

Sphere Size Implosion Results

Outside wall Material No. of Ratio of Implosion Standard IpoinRto
Diaetr Ticnenspcimns Pressure to Devation 664osn. Ratioes

(in. (i.) Cm~xssiv Wofficent 16-in. spheres
(in) (n.)Strength, Pim/fj of Variation)

16 1 mortar 5 0294 0.009(3.1%)

ee 4.15 conrete 0.3M0.011 1066 4125 conrete 4 0303(3.6%)

66 4.125 ,mortar 3 0.211 0.012 0.72(5.7%)

Note: t100 , ratio of well thickness to outside diaeer. was constant at 0.0625.
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Figure 23. Comparison of interior strains for dry-concrete and mortar 66- and 16-inch-OD
spheres.

The range of strain behavior between the various sizes of spheres
was substantial. The 66-inch-OD concrete spheres were noticeably stiffer
than the 16-inch-OD mortar spheres; the 66-inch mortar spheres showed the
lowest stiffness.

Of interest is a comparison of the ultimate strain between the large
concrete spheres and the smaller mortar spheres. The ultimate strain of the
66-inch spheres was approximately 3,400 Ainlin., whereas that of the 16-inch
spheres was approximately 4,400 pin./in. This difference could represent the
effect of out-of-roundness. The 16-inch spheres were fabricated to a radius
tolerance of 3% of the wall thickness; the 66-inch spheres had a radius toler-
ance of 6% of the wall thickness. Perhaps if the larger spheres had had better
dimensional tolerances the spheres could have experienced higher ultimate
strains and consequently attained higher implosion pressures.
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Discussion. The large concrete spheres showed a higher Pim/f ratio
and a stiffer strain response to pressure load than did the 16-inch mortar spheres.
It therefore appears safe to assume that Equation 1 is applicable for predicting
the implosion pressure for concrete spheres larger than 16 inches OD.

The "weak" structural performance of the 66-inch mortar spheres
could be attributed to two causes: size effect and poor curing of the mortar
hemispheres.

Size effect is a phenomenon exhibited by certain materials that relates
to the apparent decrease in strength with corresponding increase in specimen
size. The most frequently used parameter to evaluate size effect is the volume
of material in the test specimen. For the spheres, the material volume ratio
between the 16- and 66-inch-OD sizes was 70.1. Past work on solid concrete
cylinders7 and cubes8 has shown a decrease in strength of 13 and 1 5%, respec-

tively, for a volume ratio of 70. However, size effect has been observed to
decrease for higher strength concretes. The past work used concretes of
3,000 to 7,000 psi, whereas the sphere studies used mortar having a strength
from 8,000 to 11,000 psi. Also, as shown in Appendix C, no size effect was
observed between 3 x 6- and 6 x 12-inch control cylinders fabricated of the
concrete and mortar used in this study. Therefore, it strongly appears that
the size effect between the 66- and 16-inch mortar spheres should have been
less than 13%. Furthermore, it should also be noted that there was no apparent

size effect between the 66-inch concrete spheres and 16-inch mortar spheres.
The curing condition for the 66-inch mortar hemispheres appears to

have been detrimental to the mechanical properties of the mortar. The large

mortar hemispheres were wrapped in polyethylene film (plastic sheet) with
water ponded on the bottom and were cured in an unshaded location. On
inspection of the hemispheres during curing, it was observed that the mortar
near the equator on the exterior surface appeared dry. In this region, the

polyethylene film was in direct contact with the concrete and prevented free
moisture from wetting the concrete surface. All other locations on the hemi-
sphere appeared wet; thus the mortar on the exterior surface next to the
equator might not have cured like the remainder of the hemisphere.

The differential shrinkage which occured between the dry exterior

and wet interior surfaces could have caused microcracks to form within the
hemisphere wall. This condition of differential shrinkage would have been

aggravated because of the large surface-to-volume ratio of the hemisphere
and because large aggregate and steel reinforcement were not present to assist
in restraining shrinkage. Visible shrinkage cracks were not detected on the

exterior surface before testing; yet internal microcracks were probably present.
The strain behavior of the large mortar spheres, as shown in Figure 23,

revealed that microcrack development was more pronounced at earlier loads
than for the smaller spheres; the relationship of Pim /f,' ratio versus strain for
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the larger spheres deviated from linearity at lower loads than those for the
smaller spheres. From these data, it appeared shrinkage microcracks were
present.

The authors believe that the principal cause of the low implosion
pressures and highly nonlinear strain behavior of the 66-inch mortar spheres
compared with that of the 16-inch spheres was the poor curing condition of
the larger specimens.

LONG-TERM BEHAVIOR

Seven spheres were tested under long-term hydrostatic loading to
determine the time to implosion, time-deformation behavior, difference
in long-term response between wet- and dry-concrete spheres, and concrete
permeability. Spheres CWL-5 through CWL-9 were not waterproofed, whereas
spheres CD L-10 and CD L- 11 were coated with a waterproofing compound
(Phenol ine 300 orange primer and top coat).

Five spheres (CWL-5, CWL-7, CWL-8, CWL-9, and CWL-10) were
pressurized to sustained loadings until the spheres imploded; two spheres
(CWL-6 and CDL-1 1) were pressurized to sustained loadings for periods of
1,000 and 500 hours, respectively, at which times the loadings were increased
at a rate of 100 psi/min until implosion occurred. Spheres CWL-5 and CWL-9
were subjected to two levels of sustained pressure-the first level designed to
secure deformation and permeability data at low pressure loads and the
second level to determine time to implosion. The tests at the first pressure
level were designated CWL-5A and CWL-9A; at the second level they were
CWL-5B and CWL-9B.

Time to Implosion

Table 5 summarizes the long-term implosion results. The pressure
levels were 20, 50, 80, 85, and 90% of the spheres' predicted implosion pres-
sures (Pp,). The average value of Pim /f = 0.301 was used to predict the
implosion pressure for the wet-concrete spheres (CWL-5 through CWL-9),
and the average value of Pm /f = 0.306 was used for the dry-concrete sphere
(CDL-10 and CDL-1 1). The time-to-implosion data are shown in Figure 24
as the ratio of sustained pressure to predicted implosion pressure, P,/Ppj,,
versus time. Also presented are data by Rbisch9 on concrete under sustained
uniaxial compression and the results of sustained pressure tests on 16-inch-OD
x 1-inch-wall-thickness spheres.10 A straight line was fitted through Risch's
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data and another line through the 66-inch-OD sphere results;* both wet- and
dry-concrete sphere results were included. The equations of the lines for the
uniaxially loaded specimens and the 66-inch concrete spheres respectively are

as follows:

as
f= 0.925 - 0.0356 logIoT (2)

PS
- 0.908 - 0.0360 log10T (3)Ppim

where os = sustained uniaxial compressive stress (psi)

f, = ultimate uniaxial compressive strength (psi)

T = time to implosion (hr)

PS = sustained hydrostatic pressure (psi)

Ppim = predicted implosion pressure (psi)

The slopes of the lines were essentially the same, which indicated that the
creep failure mechanisms of the concrete in the different tests were similar.
The probable cause for the difference between the lines was the higher-than-
average stresses at out-of-roundness locations on the sphere. Those areas of
high stress strained with time at a greater rate than did the areas of average

stress; hence the spheres would irr.:ude earlier than would uniaxially loaded
cylinders, in which stress redistribution occurs. The small spheres that were
less out-of-round than the 66-inch-OD spheres failed (with one exception)
with good agreement to Rsch's data.

The general agreement between results implied that the concrete

spheres under the unique loading condition of uniform hydrostatic pressure
behaved in a manner similar to the known behavior of concrete. The authors
tentatively recommend that Equation 3 be used to approximate the expected
life of concrete spherical structures and that the maximum applied pressure

should not be greater than 70% of the predicted implosion pressure." At
70%, Equation 3 yields an expected life of 68 years.

Results from spheres CWL-6 and CDL-1 1 were used in fitting the straight line by
assuming that the spheres imploded at 1,000 and 500 hours respectively. This was
a conservative assumption.

Present state of the art suggests that concrete under sustained uniaxial load should
not be subjected to over 70% of the ultimate concrete compressive strength.,' 12, 13
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Implosion Failure

Spheres under long-term loading failed in a manner similar to that of

those under short-term loading; a typical concrete compression-shear zone

was formed. Unlike spheres in the short-term tests, spheres that imploded
under sustained load did not fracture into many segments (Figure 25), and
in-plane cracks were considerably more evident in the failure zone (Figures

26 and 27).

Figure 25. Localized failure of sphere CWL-7 shows compression-shear zone that
circumscribes three-quarters of the hole.

Studies of the short-term behavior of 16-inch-OD spheres clearly
showed the formation of in-plane cracking in spheres with t/D o ratios of
0.125 and greater.4 These cracks were due to tensile radial strains. The 16-
and 66-inch-OD spheres having a t/D o of 0.0625 and subjected to short-term
loading did not exhibit visible in-plane cracks.

It appears that a combination of two factors caused in-plane cracking
in the 66-inch-OD sphere under long-term loadings. These factors are: (1)
concrete under biaxial and triaxial compression fails by forming cracks. in
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planes parallel to the maximum principal stresses, which for spheres under
hydrostatic loading is in the plane of the wall thickness; and (2) the stress at
the interior surface of the spheres was greater than at the exterior, thus creep
was greater at the interior than at the exterior. This difference in creep strain
rate between the interior and exterior produced an additional radial tensile
strain across the wall; this condition resulted in the development of tensile
cracks within the plane of the wall thickness.

Figure 26. Failure zone of sphere CWL-5, showing results of in-plane cracking.
Approximately 1 inch of the exterior surface is removed.

Effect of Sustained Loading on Implosion Pressure

Spheres CWL-6 and CDL-1 1 were pressurized to implosion after a

sustained pressure of 80 and 85% of Ppim did not result in a static fatigue
failure after 1,000 and 500 hours, respectively. The implosion pressures,
after the sustained loads were resisted, for spheres CWL-6 and CDL-1 1, were
44 and 13% greater than the predicted pressure. The sustained load did not
adversely affect the implosion pressure of either wet- or dry-concrete sphere.
This general result agreed with results of experiments on concrete cylinders
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under uniaxial loads; these results demonstrated an approximate 4% strength
increase for both wet and dry specimens after 5 months of sustained load at
22% of the short-term strength.14

" AV

Figure 27. In-plane cracks are evident around failure zone of sphere CWL-9 loaded to
85% Ppim-

The finding implied that the predicted implosion pressure will not be
lowered and may even be increased when spheres are loaded to sustained
pressures that do not cause static fatigue failure.

Deformation Under Long-Term Loading

Deformation of the spheres under long-term loading was monitored
with electrical resistance strain gages and change-in-volume measurements.
Spheres CWL-5 and CWL-6 had interior and exterior gages as shown in Fig-
ure 11; spheres CWL-7 through CDL-1 1 had only six interior gages, located
at positions 1 through 6 in Figure 11.
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Figure 28. Interior strain behavior for sphere CWL-5.

Strain During Increasing Loading. Figures 28 through 34 present
P/f versus the average interior strain and change-in-volume strain for spheres
CWL-5 through CDL-1 1 as the pressure was increased at a rate of 100 psi/min.
For most of the specimens (CWL-6, CWL-8, CWL-9A, CWL-9B, CDL-10, and

CDL-11) the change-in-volume strains indicated the same deformation behavior
as the average interior strain gages.

Four spheres underwent two stages of pressurization-the first
pressurization stage to a sustained load held for 500 or 1,000 hours and the

second pressurization stage to a higher sustained load (spheres CWL-5 and
CWL-9) or to implosion (spheres CWL-6 and CDL-1 1). Figures 28, 29, 32,
and 34 show that each sphere became stiffer after the period of sustained
load. The stiffness increase was not caused solely by further hydration of

the cement, because both the wet-concrete spheres (CWL-5, CWL-6 and
CWL-9) and the dry-concrete sphere (CDL-1 1) showed similar stiffness
increases. This stiffness increase might have been a result of compaction

of the concrete because of creep.
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Results of experiments on concrete cylinders under sustained
uniaxial load also showed that both wet and dry concrete exhibited an
increase in elastic modulus after periods of sustained Load. 14

0.50

sphere CWL-6 (wet concrete)
.. 0.40

,.

IM0.30 change in volume

average interior strain

average exterior strain

0.20
"i fsustained -pressure for 1,000 hours

Eat Ps/Ppim Of 0.80

0.1

0/
0 1,000 2,000 3,000

Strain (inJin.)

Figure 29. Strain behavior for sphere CWL-6.

Strain During Sustained Loading. The strain behavior of the spheres
under sustained loading has been summarized in Figures 35 and 36, in which
the average interior strain is shown as a function of log time. A series of
straight lines closely fit the strain-versus-log-time data. Strain response ver-
sus rectilinear time for individual sphere tests is given in Appendix F; these
figures show typical concrete creep behavior.
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Figure 36. Interior creep strain behavior for spheres CDL-10 and CDL-11.
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The principal feature shown by Figures 35 and 36 is that the creep
strain of the dry-concrete spheres was considerably greater in magnitude and
in rate than that of the wet-concrete spheres under the same pressure. This
result agrees with the finding of 16-inch-OD mortar spheres under sustained
load equal to 50% of the predicted implosion pressure; the dry-mortar sphere
had a higher creep rate and total strain than a wet-mortar sphere. 10 Also,
tests of concrete cylinders under uniaxial sustained loads equal to 50% of
their ultimate strength have shown that at 50% relative humidity the creep
strain is more than twice that at 100% relative humidity.' 5 Other investi-
gators have shown that, although the creep rate of dry concrete is initially
higher than that of wet concrete, the rates become approximately equal after
several years of sustained load. 12 In general, results of the creep strain behav-
ior of the concrete spheres agreed with past research on the creep of concrete
under uniaxial sustained loads.

The maximum strain at failure varied considerably for the various
spheres. For the wet-concrete specimens that imploded after time under load,
the specimens subjected to 90% Ppim (spheres CWL-5B and CWL-7) had ulti-
mate strains lower than those at 85% Ppim" This finding agreed with results
by Sell11 that indicated that dry concrete showed lower ultimate strains
when subjected to higher sustained uniaxial loads.

Permeability

The permeability of the five wet-concrete spheres to seawater was
determined by measuring the quantity of water flowing out of the spheres
with time. (The spheres were filled with water at zero pressure loading so
water flowing out of the sphere at the top penetrator was collected and
measured.) The water outflow was plotted versus time with zero time begin-
ning when constant pressure was attained (Figures 37 through 40). Although
the outflow was a combined result of viscous deformation and concrete per-
meability, the outflow due to permeability was orders of magnitude greater
than that due to deformation when tests continued for over 100 hours.

Previous studies by the Bureau of Reclamation 16 have shown that
concrete permeability can be formulated using D'Arcy's law for viscous flow.
D'Arcy's permeability coefficient can be expressed as follows for the spheres:

Kc = qt
Ah

where Kc = permeability coefficient of concrete (ft/sec)

q = rate of permeability (quantity of seawater that permeated
into sphere interior per unit time) (ft 3 /sec)
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t - wall thickness (ft)

A = exterior surface area of sphere (ft2)

h - pressure head (ft)

The Bureau experiments16 showed that the permeability of concrete
decreased with time; however, the permeability coefficients were determined
by drawing straight-line tangents to curves of water outflow versus time.
Similarly, straight-line tangents were drawn for the concrete spheres on
Figures 37 through 40 in such a manner that the slope of the line best
approximated the general outflow-versus-time curve.

0.25 -

o sphere CWL-68

* sphere CWL-7 
(.d"

0.2~~~

Ps'/pim , 0.90

I/mv0.15 ra.1
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0

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Time (hr)

Figure 37. Water outflow versus time for spheres CWL-B and CWL-7 under
sustained pressure of 90% Ppim.
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Figure 38. Water outflow versus time for spheres CWL4 and CWL-98 under

sustained pressure of 85% Ppim.

The experimental Kc values for the spheres are listed in Table 6.

Lower KC values were found when the time at which Kc was determined
was greater (except for sphere CWL-5A).

The rate of outflow for sphere CWL-5A was nearly constant with

time; this behavior was different from that of the other specimens. The total
amount of outflow was an order of magnitude greater than that for spheres
CWL-6 and CWL-9. The constant rate and larger outflow indicated that

sphere CWL-5 had a small leak somewhere in the hull. (From experience,
we suspect that the leak was most probably at an epoxy-concrete interface.)

An average KC value of 0.13 x 10- 12 ft/sec was determined for the
concrete in spheres CWL-6 and CWL-9A; both specimens were tested for
periods longer than 500 hours. This mean KC value was compared with an

estimated KC value from previous work. One estimate was obtained by
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extrapolating curves16 for concretes of various mixes similar to the concrete
mix used in this study; the approximated K was 0.40 x 10-12 ft/sec. Another
estimate was obtained by proportionately reducing the permeability of large-
aggregate concrete to the permeability of 3/4-inch-aggregate concrete; 17 this
approximate KC value was also 0.40 x 10-12 ft/sec. The similarity between
the two estimates is surprising, because the variation in KC for identical con-
cretes is often greater than an order of magnitude. Likewise, these estimated
KC values were only three times as great as the mean Kc value for this study.
Hence, the concrete in thi-, study, which was subjected to pressure as high as
1,670 psi, showed permeability coefficients similar to those of concrete sub-
jected to pressure as high as 400 psi.

0.5 ,.
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* sphere CWL6, P, /r,, " 0.80
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C 0.3
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0 200 400 600 O00 1.000
Time (hr)

Figure 39. Water outflow versus time for spheres CWL-6 and CWL-9A under
sustained presures of 80 and 50% Ppim, respctively.
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Figure 40. Water outflow versus time for sphere CWL-5A under sustained
pressure of 20% PpIm.

Table 6. Permeability Coefficients

Ratio of Sustained Sustained D'Arcy's
Pressure to Predicted Duration Time When Kc PermeabilitySphere No. Pressure,
Implosion Pressure, of Test (hr) Calculated (hr) Coefficient

Ps/Ppim(%) P (psi) Kc (ftlsec x C- 1 2 )

CWL-5A 20 505 1,000 500.0 5.90
CWL-5B 90 2,278 3 1.8 13.50
CWL-6 80 1,670 1 A)00 400.0 0.10
CWL-7 90 1,942 1 0.5 10.00
CWL-8 85 1,845 11 7.0 1.38

CWL-9A 50 1,120 500 400.0 0.16

CWL-4B 85 1904 90 50.0 0.50

Note: Average Kc value of concrete spheres was taken as 0.13x 10- 12 ft/sc. This was the result
of aveMing spheres CWL-6 and CWL-GA, used because these spheres were under sustained
loading for 500 hours or more. Permeability coefficient for sphere CWL--A. also under
sustained loading for more then 500 hours, was not included in the average because rate
of water outflow, q, was typical of a sphere with a leak.

41

tt



The water outflow for spheres CWL-6 and CWL-9A was plotted
versus log time in Figure 41. There appeared to be a linear relation betwpen
water outflow and log time after 200 hours for both spheres. The equations
of the straight lines are

for sphere CWL-6,

A = 0.114 log (T - 99) + 0.184 (5)

and for sphere CWL-9A,

A = 0. 122 log (T - 99) + 0.095 (61

where A =water outflow equal to rate of outflow, q, times time, T (ft 3 )

T = time (hr)
0 .6 -I

o sphere CWL-9A, Ps/Ppimn - 0.5
* sphre CWL-G, Ps/~pim - 0.80

0.5

0.4 

-' 
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0.2 euto

0.1

0
100 200 400 800 900 I.0
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Figure 41. Water outflow versus log timne for spheres CWL6 and CWL-9A under
sustained Pressures of 80 and 50% Pprn respectively.
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Similar equations for water outflow were developed for the
straight-line tangents shown on Figure 39 for spheres CWL-6 and CWL-9A;
these relations are

for sphere CWL-6,

A = 0.000364T + 0.244 (7)

and for sphere CWL-9A,

A = 0.000399T + 0.155 (8)

These rectilinear functions, Equations 7 and 8, are based on D'Arcy's law of
viscous flow.

To compare the logarithmic and rectilinear relations, the total
outflow was computed for periods of 1 and 10 years; these quantities are
listed in Table 7. The predicted differences in outflow are significant,
particularly for the 10-year period.

Table 7. Predicted Seawater Permeation of Spheres CWL-6 and CWL-9A
After 1 and 10 Years

Total Water Permeation (ft3)

Sustained After 1 Year After 10 Years
Sphere Pressure,

P (psi) Logarithmic D'Arcy Logarithmic D'Arcy

Relation Relation Relation Relation

CWL-6 1,670 0.63a 3.42c 0.750 32.08c

CWL-9A 1,120 0.58 b  3.64 0.70b  35.09d

Note: Total interior volume of sphere is 58.02 ft 3.

a Equation 5.

b Equation 6.

c Equation 7.

d Equation 8.
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Additional data are being collected on water permeation of concrete
spheres from ocean tests that will continue for up to 10 years. The logarithmic
relation may prove the more accurate because it accounts for the decrease of
permeation with time. Yet, past experience has indicated that the D'Arcy
function has reliably estimated the permeability of concrete to freshwater.
Data from a mortar sphere submerged at 120 feet for one year are given in
Appendix G and support the D'Arcy approach. It is hoped that the long-term
ocean tests on the spheres will help decide which approach is more accurate
in predicting long-term permeability of concrete to seawater.

A decrease in permeability with time may result from two factors.

1. In the presence of water, the cement undergoes further hydration,
which results in smaller pore sizes between cement gels. This decrease in
porosity causes a corresponding decrease in flow.18

2. As the seawater, which is high in mineral content-including
Ca(HCO 3 )2 -begins permeating the concrete, the water may form a thin,
impervious shell of CaCO 3 on the interior surface where the pore pressure is
low. Also, materials such as Mg(OH) 2 and CaCO 3 are precipitated within the
pores of the concrete.19 Both the formation of the CaCO 3 shell and the pre-
cipitation of minerals in the pores decrease the permeability.

If the porosity of the concrete continues to decrease because of
cement hydration and deposition of minerals, the logarithmic relations
(Equations 5 and 6) may be valid in predicting long-term flow. But as
water flows through the concrete, it dissolves materials from the cement,
particularly CaO;' 9 the reduction in CaO would tend to increase porosity
and, thus, offset the decreases. Therefore, at present the authors propose
that the D'Arcy flow relation, Equation 4, be used to predict the permeability
of concrete spheres; such a relation is conservative for design purposes.

FINDINGS

1. Under short-term loading, six concrete spheres, 66 inches in OD and
4.125 inches in wall thickness, showed an average ratio of implosion pressure
to concrete control cylinder strength (PIm/f,) of 0.303. This ratio was 3%
greater than that for 16-inch-OD mortar spheres tested in previous investiga-
tions and was 30% greater than that for the 66-inch-OD mortar spheres. The
average implosion pressure for the wet-concrete spheres was 2,350 psi (f. =
7,810 psi) and for the dry-concrete spheres was 2,810 psi (f, = 9,185 psi).
The difference in implosion pressure was the result of differences in concrete
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compressive strength. The uniaxial compressive strength of wet-concrete
control cylinders was 10% less than the compressive strength of companion
dry-concrete cylinders.

2. The implosion equation, Equation 1, developed from previous tests on
16-inch-OD spheres conservatively predicted within 9% the implosion pressures
of 66-inch-OD concrete spheres.

3. Concrete spheres under high levels of sustained hydrostatic loading failed
by static fatigue, and the curve of time to implosion versus level of sustained
load for the spheres was approximately 2% lower than the known behavior
of concrete tested under uniaxial loading.

4. At equivalent Pm/f' ratios, the creep strain of dry-concrete spheres under
long-term loading was greater in rate and in magnitude than that of wet-

concrete spheres.

5. D'Arcy's permeability coefficient (K,) was found to be an average 0.13
x 10-12 ft/sec for concrete spheres under hydrostatic head as high as 3,760
ft; this K. value was similar to known values for concrete under a pressure
head lower than 900 feet.

6. Spheres subjected to sustained loads that did not cause static fatigue
failure showed an increase in implosion pressure over that predicted from
the short-term tests.

CONCLUSIONS

1. The response of 66-inch-OD concrete spheres to short-term hydrostatic
loading has shown that the previous test data on 16-inch-OD mortar models
are accurate to within 9% in predicting the behavior of larger scale specimens
and may be used to aid in establishing design criteria.

2. In both the short- and long-term tests it was found that allowing the
concrete to become saturated with seawater lowered the strength of the con-
crete but otherwise did not adversely affect the behavior of the structure
compared with that of dry-concrete spheres.

3. The test results on permeability and creep deformation of spheres under
sustained loading have shown that the behavior of the concrete was similar
to the known behavior of uniaxially loaded concrete specimens.

4. The authors do not hesitate to recommend that concrete structures be
used to depths of 1,000 feet. It is anticipated that with additional knowledge
from on-going tests buoyant concrete spheres can be used to 3,000 feet.
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5. This study, together with the earlier studies on concrete spheres, has
clearly shown that concrete is an applicable material for the construction
of undersea structures. With this developed knowledge of the behavior of
concrete spheres and by applying present-day concrete technology, spherical
concrete hulls can be safely designed and employed for undersea applications.

DESIGN GUIDES

DESIGN RECOMMENDATIONS

1. It is recommended that Equation 1 be used to predict the short-term
implosion pressure of concrete spheres:

Pi [ 5.02(-1o) - 0.038 f. (1)

where Pwn = implosion pressure (psi)

t = wall thickness (in.)

Do = outside diameter (in.)

f, = ultimate uniaxial concrete compressive strength (psi)

The concrete strength, f', should be determined from wet-concrete control
cylinders if the structure will not be completely waterproofed.

2. For concrete spheres under sustained pressure loads, Equation 3 may be
used to estimate the time to implosion for the sphere:

PS,/Ppim = 0.908 - 0.0360logoT PS/Pbm < 0.70 (3)

PS
or logloT = 25.2 - 27.8 Ppim

where P = sustained hydrostatic pressure (psi)

Ppim = predicted implosion pressure (same as P , in Equation 1)
(psi)

T = time to implosion (hr)
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3. The permeation of seawater through the concrete wall of the spheres under
hydrostatic loading may be conservatively predicted by use of D'Arcy's law
for viscous flow:

Ah
q = Kc A (4)

where q = rate of permeability (quantity of seawater that permeated into
sphere interior per unit time) (ft3/sec)

KC = coefficient of permeability (ft/sec)

A = exterior surface area of sphere (ft2 )

h = pressure head (ft)

t = wall thickness (ft)

The Kc for the particular concrete to be used may bo determined from past
references on concrete permeability, such as Reference 16. The value of K=
found for the concrete used in this study was 0.13 x 10-12 ft/sec.

EXAMPLE DESIGN PROBLEM

Given data are a spherical hull with a 50-foot ID, a net buoyancy of
250 tons, and an operational depth of 1,000 feet. A safety factor of three
is assumed on the hull. Determine the wall thickness, estimated life of the
structure, and rate of water permeation into the structure.

Wall Thickness

Design the wall thickness based on buoyancy requirement and then
check the implosion depth for the hull.

(a) Displacement of hull = (64 lb/ft3 ) (7/6) (D3 ) = 33.51 D3

(b) Weight of hull = (150 lb/ft3 ) (w/6) [D3 - (50 ft)3 ]

- 78.54 D - 9,817,500

(c) Displacement - weight = buoyancy = (250 tons) (2,000 lb/ton)
= 500,000 lb
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Substitute (a) and (b) into (c),

(d) 33.51 D3 - 78.54 D3 - 9,817,500 = 500,000

Do = 59.15 ft

(e) Wall thickness, t = (Do - DO)/2 = (59.15- 50.00)/2 = 4.57 ft

Determine implosion pressure from Equation 1, using f, = 8,000 psi

(f) Implosion pressure, Pm = [5.02(4.57/59.15) - 0.03818,000

= 2,800 psi

(g) Implosion depth = (2,800 psi) (2.25 ft/psi) = 6,300 ft

(h) Safety factor = implosion depth/operational depth
= 6,300/1,000 = 6.3

Assumed safety factor of 3.0 is less than 6.3.

Use t = 4.57 ft

Life of Structure

Substitute into Equation 3 using Ps of 445 psi and Ppim of 2,800 psi.

(i) loglo T = 25.2 - 27.8(445/2,800) = 20.8

(j) T = 6.3 x 1020 hr or 7.2 x 1016 yr

Time to implosion is not a critical factor.

Water Permeation

Substitute into Equation 4 using Kc = 0.13 x 10-12 ft/sec.

(k) Rate of permeability, q = [(0.13 x 10- 12 ft/sec)(r)(59.15 ft)2

(1,000 ft)]/4.57 ft
= 3.13 x 10 ft 3l/sec or 8.85 ft 3/yr
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Appendix A

CONCRETE AND MORTAR MIX DESIGNS

The concrete and mortar mix designs are given in Tables A-1 and A-2.
The concrete was transit-mixed with final determination of water

content based on workability. The slump was 1-1/2 ± 3/4 inches. The
cement factor was 733 Ib/yd3 (7.8 bags/yd3 ), and the unit weight of the

concrete was 145 lb/ft3.
The mortar was mixed in the laboratory, and the same absolute

quantities of constituents were used for each batch. Slump values ranged
from 1 to 3-1/2 inches. The cement factor was 825 Ib/yd 3 (8.8 bags/yd 3),
and the unit weight of the mortar was 140 lb/ft3.

Table A-1. Concrete Mix Design

Portland cement, type II, low-alkali

Santa Clara River aggregate
Water/cement ratio = 0.41
Sand/cement ratio 1.85
Coarse-aggregate/cement ratio = 2.28
Water-reducing admixture-2 oz/sack of Plastiment

Aggregate Gradation

Material Percentage RetainedSieve Size ________

Designation Individual Cumulative

Sand 3/8-inch 0 0
no. 4 2 2
no. 8 11 13
no. 16 17 30
no. 30 28 58
no. 50 28 86
no. 100 11 97

pan 3 100

Coarse aggregate 3/4-inch 0 0
3/8-inch 70 70

no. 4 30 100
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Table A-2. Mortar Mix Design

Portland cement, type Il l, high early strength

San Gabriel River Wash aggregate
Water/cement ratio = 0.55
Sand/cement ratio = 3.30

Aggregate Gradation

Material Se Size Percentage Retained

Designation Individual Cumulative

Sand no. 4 0 0

no. 8 29.6 29.6

no. 16 20.8 50.4

no. 30 14.7 65.1

no. 50 10.3 75.4

no. 100 7.3 82.7

pan 17.3 100.0
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Appendix B

MECHANICAL PROPERTIES OF CONCRETE AND
MORTAR CONTROL CYLINDERS

Table B-I. Control Cylinder Data

Compressive Strength, Secant Modulus at

Hemisphere f (psi) One-Half fc Poisson's Test

No. Dry of Dry Concrete. E. Ratio Te

Concrete Concrete (psi x 106)

CDS-1a 9.250 - 4.63 0.24 169
CDS-1b 9.430 - 4,21 0.24 162

CDS-2a 9,120 - 4.31 0.24 121
CDS-2b 9,190 - 4.69 0.24 119

CDS-3a 9,010 7,960 - - 210
CDS-3b 9.000 8A50 - - 203

CDS-4a 8,270 7,660 4.00 - 195
CDS-4b 9,570 784 4.30 - 171

CWL-5a 8,130 7.900 3.83 0.16 259
CWL-5b 8,840 8,590 427 0.22 250

CWL-69 8,110 6,740 3.94 0.20 331
CWL-6b 9.230 7,330 4,06 0.18 317

CWL-7a 7,640 7,170 3.90" 0.14 351
CWL-7b 8,790 8D60 3.96 0.17 344

CWL-8a 9 300 7.820 3.81 0.20 366
CWL-8b 8A70 7,210 3.72 0.15 361

CWL-Qa 8,220 7,770 4.11 0.25 429
CWL-Qb 8,230 7440 3.81 0.21 427

CDL-10a 9.950 - 395 0.18 107
CDL-10b 9A20 - 4.09 0.22 105

CDL-1 la 7.940 - 3.85 0.18 526
CDL-1 lb 8,320 - 3.86 0.20 512

MDS-la 8830 - 3.80 0.19 127
MDS-lb 10,480 - 3.43 0.20 105

MDS-2a 8,770 - 3.05 0.13 122
MDS-2b 8,010 - 3.63 0.19 129

MDS-3a 9,150 - 3.70 0.22 146
MDS-3b 9.750 - 3.10 0.14 140

"When an extensometer was used, CWL-7a had a dry-concrete E. of 3.55 psi and a
wet-concrete E. of 3.37 psi; CWL-7b had a dry-concrete E. of 3.58 psi and wet-
concrete E. of 3.68 psi.
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Appendix C

EFFECT OF CONTROL CYLINDER SIZE ON

COMPRESSIVE STRENGTH

Tests were performed on 3 x 6-and 6 x 12-inch control cylinders
to determine the effect of specimen size on the compressive strength. Six
specimens of mortar and six of concrete were cast in 3 x 6- and 6 x 12-inch
cylinders. The specimens were moist-cured for the first 28 days. The mor-
tar specimens were wrapped in wet burlap and then in polyethylene film.
The concrete specimens were placed in a 100% relative humidity water-mist
enclosure located outdoors. The remainder of the curing period was at room
conditions. At age 90 days the specimens were tested under uniaxial com-
pression.

Table C-1 summarizes the results. The larger specimens showed a
slight decrease in strength as compared with the smaller specimens for both

the concrete and mortar; however, the decrease in strength was not statisti-
cally significant. It was concluded that for the high-strength concrete and
mortar used in this study, the compressive strength, f,, was unaffected by
the size of the control cylinder specimens (either 3 x 6 or 6 x 12 inches).

The stress-strain behavior for the specimens is shown in Figures C-1
and C-2. The behavior for large and small cylinders was essentially the same;
again, any differences were not statistically significant.

Table C-1. Effect of Specimen Size on Control Cylinder Strength

Size of Uniaxialiontrol Compressive Standard Difference Secant Modulus at
yaaer Stressive Deviation in Strengthb Statistically One-Half f .Esd

in.) (psi) (psi) (%) SignificantC (psi x 106)

3 x 6 9,470 280 3.72
6 x 12 9.290 240 1.90 no 3.98

3 x6 8.840 380 4.02
Concrete 6 x 2 8,9 0.57 no 4.

6 x 12 8,790 340 4.18

a Average of six specimens.

b Percent difference -03x6 - U06 x 100.
(f0)3x6

c It" test at 95% level with 10 degrees of freedom.

d Average of three specimens.
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Figure C-i. Stress-strain behavior of 3 x6- and 6 x 12-inch concrete control cylinders.
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Figure C-2. Stress-strain behavior of 3 x 6- and 6 x 1 2-inch mortar control cylinders.
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Appendix D

POST-IMPLOSION VIEWS OF CONCRETE AND MORTAR SPHERES

Figures D-1 through D-13 show all the concrete and mortar spheres,except CWL-8, after implosion. The reader is reminded that the spheres werefilled with water during the test. This procedure saved the specimens frombeing completely fragmented by the violent shock forces associated with
implosion, and thus enabled an inspection of the failure zone.
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Figure D-1. Post-implosion view of sphere CDS-1.
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Figure D-2. Post-implosion view of sphere CDS-2.
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Figure D-3. Post-implosion view of sphere CWS-3.
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Figure D-4. Post-implosion view of sphere CWS-4. The epoxy-joint failure occurred
after the compression--hear failure.

Figure D-5. Post-implosion view of sphere MDS-1.

59



Figure D-6. Post-implosion view of sphere MDS-2.
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II

Figure D-7. postimplosion view of sphere MDS-3.

, ' , , ... .... .."

Figure D-8. Post-implosion view of sphere CWL-5. Note MgCQOH seeping from cracks.

This material apparently precipitated from seawater during a 3-day interval

between implosion of sphere and removal of sphere from pressure vessel.
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Figure D-9. Post-implosion view of sphere CWL-6.

4.&V

Figure D-10. Post-implosion view of sphere CWL-7.
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Figure D-1 1. Post-implosion view of sphere CWL-9.

Figure D-12. Post-implosion view of sphere CDL-1O.
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Figure D-13. Post-implosion view of sphere CDL-111.
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Appendix E

DEVELOPMENT OF IMPLOSION EQUATION FOR

16-INCH-OD MORTAR SPHERES

Seventeen 16-inch-OD mortar spheres were tested under short-term
hydrostatic loading at a pressurization rate of 100 psi/min. These specimens
had ratios of wall thickness to outside diameter (t/D.) of 0.0625, 0.1250,
0.1875, or 0.2500, which corresponded to wall thicknesses of 1,2, 3, and
4 inches.

Table E-1 gives the implosion results for the specimens, and Figure
E-1 shows that the relationship between Pim/f' and t/D. was a straight-line
function. A least-squares analysis gave the following empirical equation as
the best-fit curve:

~im I [5. DO() - I.O8]f (E-1)

Equation E-1 differs slightly from a similar equation presented in previous
reports; Equation E-1 is more accurate because of further data evaluation.*
From additional research, it was found to be more accurate to use the f,
value of the weaker hemisphere in the Pim/f' ratio; hence, this is the major
improvement incorporated into Equation E-1.

Table E-1. Implosion Results for 16-Inch-OD Mortar Spheres

Ratio of Wall
Thickness to Implosion Pressure, Compressive Strength,Sphere No. Outside Diameter, Pim (psi) f; (psi)a  Pim/f

t/Do

18 0.0625 3,375 11,480 0.294
19 3.450 11,220 0.307
20 3,420 11,510 0.297
21 3,240 11,190 0.290
35 1,710 6.090 0.281

Average 0.294

continued

Data incorporated in the development of the earlier implosion equation, Pim = 4-8(t/Do),
included specimens with large steel penetrations, specimens tested under a pressurization
rate of 1,000 psi/min, and values of f' that were the average compressive strength of the
two hemispheres composing the sphere.
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Table E-1. Continued

Ratio of Wall

Sphere No. Thickness to Implosion Pressure, Compressive Strength,
Outside Diameter. Pim (psi) fj (psi), P

t/_

23 0.1250 5,720 11,050 0.517
24 6,330 11,040 0.573
25 6,590 10,760 0.612
36 3,375 5,750 0.587

Average 0.572

27 0.1875 9.250 10,370 0.892
28 9,170 10,370 0.88429 95MO 11,520 0.825
37 5280 5,90 0.882

Average 0.871

31 0.2500 13900 10.910 1.270
32 13,570 10,900 1.245
33 13,550 10,790 1.255
38 7,370 6080 1.212

Average 1.246

a Compressive strength of weakest hemisphere based on uniaxial tests on 3 x 6-inch control
cylinders.

IA

1.2

//

CL

Pimj5.02j - .38j. f/

IE0 0.0

. one standard deviation 1e0.037 f;

0.2 -el -Ll

momtr sphere

constant outside diameter of 16 Inches Figure E-1. Empirical equation
0 , to predict implosion

0 0.06 0.10 0.15 0.20 0.25 pressures of small
Wall Thicknhs/Outside Diameter, t1DO  concrete spheres.
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Appendix F

LONG-TERM STRAIN RESPONSE OF CONCRETE SPHERES

SUBJECTED TO SUSTAINED LOAD

Figures F-1 through F-9 present the long-term strain response of
spheres CWL-5 through CDL-1 1 under sustained loading. Except for Fig-
ure F-1, the data from individual strain gages have been given; in most cases,
the average strain behavior is also shown.

1,000

olrleitlilini

- - - - - Average interior struin
PSIPpm 0.20 -Average exterior strain

100 200 300 400 500 600 700 800 900 1,000
Time (hr)

Figure F-1. Sphere CWL-5A under sustained pressure of 20% Ppim-
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Figure F-3. Sphere CWL-6 under sustained pressure of 80% Ppem*
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Figure F-4. Sphere CWL-7 under sustained pressure of 90% Ppim*
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Figure F-5. Sphere CWL-8 under sustained pressure of 85% Ppi.
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Figure F-6. Sphere CWL-9A under sustained pressure of 50% Ppim*
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Figure F-7. Sphere CWL-98 under sustained pressure of 85% Ppim-
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Figure F-8. Sphere CDL-10 under sustained pressure of 85% Ppim*
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Appendix G

MISCELLANEOUS TESTS ON 66-INCH-OD MORTAR SPHERES

Exploratory tests were performed on three mortar spheres, 66 inches
in OD and 4.125 inches in wall thickness. These spheres were constructed in
the same manner as the mortar spheres described in the main body of the
report. The first spheres, MDS-X1, was a trial specimen; the second, MDL-X2,
was used in ocean tests to study the hydrodynamic characteristics of a sphere
and to determine the durability and permeability of a mortar sphere located
on the seafloor; and the third, MDL-X3, was constructed with a mechanical
lock joint at its equator to investigate the influence of a stiff joint on the
sphere under sustained loading.

TRIAL SPHERE TEST

The trial sphere, MDS-X1, was the first 66-inch-OD sphere fabricated
and tested under hydrostatic load. The major reason that the results are pre-
sented herein is that the specimen was fabricated from two hemispheres that
did not meet high quality-control standards; yet the implosion pressure was
equivalent to that of the good specimens.

The bottom hemisphere of the sphere was the first of all hemispheres
cast. Procedural difficulties were encountered during the casting operation,
and it required over an hour to complete the operation. Also, during removal
of the forms, an unusually large chip of concrete broke away from the edge
of the hemisphere (as shown in Figure G-1).

The top hemisphere did not meet high standards because during a
handling maneuver in which the hemisphere was being turned over a steel
pad-eye broke and the hemisphere fell to the concrete pavement. The dis-
tance of the fall was approximately 2 feet and the point of impact of the
hemisphere was approximately 20 degrees down from the equator. No
visible damage was observed other than a large chip of concrete from the
equator (as shown in Figure G-2).

The chipped equators were repaired for both hemispheres and later
the two hemispheres were bonded together to form a sphere. This sphere was
the first specimen tested in the 72-inch-ID pressure vessel; the test procedure
was similar to that for the other spheres except that change-in-volume mea-
surements were not taken.

76



Figure G-1. Bottom hemisphere of trial sphere MDS-X1.

Figure G-2. Top hemisphere of trial sphere MDS-X1.
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The implosion pressure, Pim, for the trial sphere was 1,820 psi and

the uniaxial concrete strength, fc, was 8,910 psi. These results yielded a

Pim/f[ ratio of 0.204. This value is within the standard deviation of the test

results from the other better quality mortar spheres whose average PIm/f'

was 0.211 k 0.012.

Figure G-3. Post-implosion view of trial sphere MDS-X1 showing compression-shear
failure zone.

Figure G-3 shows the compression-shear zone of the failed specimen.

The failure zone ran parallel to the equator for a length of 64 inches and the
average angle for the sheared concrete surface was 36 degrees to a line tangent
to the exterior surface.

In summary, the trial sphere appeared to behave similar to the better

quality mortar spheres although the trial sphere was fabricated from damaged

hemispheres.
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OCEAN DYNAMIC AND PERMEABILITY TESTS

Sphere MDL-X2 had been used in various ocean tests. The main
objective of the first ocean test was to study the dynamic characteristics of
a large object of various weights sliding up and down a taut wire. The con-
crete sphere was used as the test object. The sphere was made negatively
buoyant by 800 and 2,400 pounds by hanging steel plates from a framework
surrounding the sphere (Figure G-4).

•

Figure G4. Sphere MDL-X2 undergoing ocean dynamic test.

The hydrostatic loading conditions which the sphere experienced
were one cycle to 800 feet, where the sphere remained at depth for approxi-
mately 30 minutes, and eight additional short-duration cycles to 800 feet.
The sphere did not appear to be harmed by the tests.

The second ocean test was the emplacement of this sphere on the
seafloor off Pitas Point, Calif., at a 120-foot depth to study the durability
and permeability of the mortar to the seawater environment. Navy divers
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inspected the sphere an average of once every 2 months to report the degree
of fouling on the concrete and whether or not the sphere was still positively

buoyant.
The sphere was able to float within the framework as shown in

Figure G-4, and a diver could determine whether the sphere was buoyant

or not by inserting his hand between the sphere and the cradle. To become

negatively buoyant the sphere would have had to take on approximately 23

cubic feet of water; the equivalent of 40% of the interior volume.

After 12 months' submergence at 120 feet, the sphere was retrieved
from the ocean (Figure G-5). Little fouling and few barnacles were present

on the concrete. No evidence of rock-boring mollusks was observed.

Figure G-5. Sphere MDL-X2 being retrieved from 120-foot depth after 12 months
continuous submergence.

The quantity of water that permeated the concrete to the interior
was a total of 0.60 ft 3 ; D'Arcy's permeability constant, Kc , was calculated

as 0.58 x 10-12 ft/sec. This value was within the same order of magnitude

as the KC value for the concrete spheres. The salt content of the water on
the interior was typical of that of the seawater in the Pitas Point area.
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SPHERE WITH A MECHANICAL EQUATORIAL JOINT

Sphere MDL-X3 was constructed with a steel mechanical lock joint
at the equator between the two hemispheres. 20 Such a mechanical joint
permitted the sphere to be opened and closed repeatedly, so that the cap-
sule could have been used for a variety of oceanographic applications. The
objective of the hydrostatic test was to determine if the stiff steel joint
affected the strength of the sphere under sustained loading conditions in a
manner similar to that in previous research with 16-inch-OD mortar spheres.20

The joint was made of two 1/2-inch-thick steel rings epoxy-bonded
to each hemisphere; steel dowel pins set into the concrete aided in the attach-
ment (Figure G-6). The hemispheres were joined by bolting the steel rings
together (Figure G-7); an 0-ring between the rings sealed the joint.

The sphere was tested under a sustained pressure of 83% Ppim (Pim
calculated for an unjointed sphere) and had a time to implosion of 4 hours.
The concrete compressive strength was 7,720 psi, and the sustained pressure
was 1,630 psi.

Figure G-6. View of mechanical joint ring with anchor pins epoxy-bonded into drilled
holes in the hemisphere.
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Figure G-7. Sphere MDL-X3 being lowered into pressure vesse for hydrostatic test
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A comparison of results from tests of sphere MDL-X3 with those of
the concrete spheres, presented in Figure 24, showed that sphere MDL-X3
failed in less time than did the concrete spheres. The concrete spheres had
a range of time to implosion from 4 to 500 hours with the log-time average
at approximately 100 hours.

The inclusion of a stiff steel joint at the equator did reduce the
long-term strength of the 66-inch mortar spheres, but not severely. A
quantitative decrease in strength cannot be defined from this single test.
Previous work on 16-inch-OD mortar spheres20 showed that stiff equa-
torial joint rings reduced the short-term implosion pressure as much as
27%.
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INTRODUCTION ratio, Ps/Pim c of 0.36 to 0.83. It was anticipated

that the spheres subjected to a Ps/Pim ratio of 0.70 or
Numerous experimental studies have been greater would implode with time 181 ; therefore, the

performed at the Civil Engineering Laboratory six spheres at greatest depths were equipped with
(CEL)a on the behavior of concrete structures under clocks that would count days in periods up to three
hydrostatic loading I1-1I. b These studies have years. If a sphere imploded, the clock would record
shown that concrete is well suited as a construction the day of failure.
material for pressure-resistant structures to depths of Permeability data will be gathered using the
3,000 feet. The empirical data were obtained from following method: the spheres are buoyant by

test specimens subjected to relatively short-term approximately 1,000 pounds and are tethered 32 feet
loiding conditions where the longest loading-period off the seafloor by a 2-1/4-inch-diameter chain. As
for any specimen was 42 days. This series of ocean seawater permeates the concrete, the weight of the
tests was conducted to supplement the earlier sphere will increase. The reduced buoyancy of the
research by providing data on concrete structures sphere means less chain can be suspended off the sea-
subjected to in-situ deep-ocean conditions for periods floor, so the sphere moves closer to the seafloor. A

of up to 10 years. change in height of one chain link (2-1/4-inch chain)
The objectives of the test program were to corresponds to 0.5 cu ft of seawater which has

obtain design information on time-dependent failure, permeated to the hull interior.

permeability, and durability of the concrete spheres. The permeability rate of seawater through
Data on time-dependent failure will permit a rational waterproofed and nonwaterproofed concrete will be
factor of safety to be applied to pressure-resistant determined. Eight spheres were coated on the
structures; data on seawater permeability of concrete exterior with a two-part phenolic coating; another
will allow predictions of the quantity of water to be eight spheres remained uncoated. All sixteen of these
expected to penetrate to the structure's interior; and permeability specimens were of unreinforced
data on the durability of plain and steel reinforced concrete. The remaining two spheres were reinforced
concrete will determine such factors as strength with conventional steel bars of 0.5-inch diameter. The
changes with time, chemical composition changes of reinforcement was covered with I or 2.5 inches of
the concrete, and steel corrosion problems. concrete. Also, one-half of the exterior of each sphere

was coated with the phenolic compound while the
other half remained uncoated.

TEST DESCRIPTION The durability of the concrete will be studied by
determining the changes in strength and chemical

Eighteen, 66-inch-OD concrete spheres were composition with time. The concrete compressive
placed in the ocean at depths ranging from 1,840 to strengths will be obtained from core specimens drilled
5,075 feet (Table 1). This depth range corresponds to from 14 x 18 x 18-inch blocks. Blocks are located
a sustained pressure-to-short-term implosion pressure with the spheres in the deep ocean and on land,

Formerly the Naval Civil Engineering Laboratory; now a detachment of the Naval Construction
Battalion Center. Port Hueneme, California.

b Numbers in brackets indicate references.
c The short-term implosion pressure, Pim. is calculated by the following empirical equation 181:

im = l5.02(t/Do) - 0.0381 fc



Table 1. Test Description

Concrete

Sphere Depth P Water- CommentsNo. (ft) S/Pim aWae-Cm nt

proofed

1 5,075 0.83 Yes clock inside sphere

2 4,875 0.80 Yes clock inside sphere

3 4,330 0.72 Yes clock inside sphere

4 4,185 0.81 No clock inside sphere

5 4,100 0.78 No clock inside sphere

6 3,875 0.70 No clock inside sphere

7 3,725 0.58 Yes
8 3,665 0.60 Yes

9 3,295 0.62 No

10 3,190 0.56 No

11 3,140 0.50 Yes

12 2,790 0.55 No

13 2,635 0.41 Yes

14 2,440 0.44 Yes

15 2,300 0.43 No

16 2,120 0.40 No

17 1,980 0.38 b steel reinforcement in walls

18 1,840 0.36 b steel reinforcement in walls

a Sustained pressure-to-short-term implosion pressure ratio.

b One hemisphere is waterproofed while the other hemisphere is not

waterproofed.

exposed to ambient conditions. Chemical Moist-curing of the hemisphere, six control
composition changes of the concrete will be cylinders, and the control block was accomplished by
determined by comparing x-ray diffraction patterns wrapping the specimens in wet burlap and then in
with those of the concrete at age 20 months, polyethylene film: the remaining six control cylinders

were placed in the fog room. Moist-curing continued

for 28 days at ambient temperature inside an open
FABRICATION building followed by 28 days of room-curing condi-

tions, and then on-land field-curing conditions.
Concrete hemisphere sections were cast in a steel After several weeks of field curing, the

mold and the following day were removed from the hemispheres were prepared for assembly into spheres.
mold. Twelve 6 x 12-inch-long control cylinders and The equatorial edges were ground flat by using a large

one 14 x 18 x 18-inch control block of concrete were steel plate, and silica carbide grit and water as the
also cast with each hemisphere. cutting agent. A titanium hull penetration at the apex

2
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Figure 1. Fabrication of spheres.

of each hemisphere was epoxy-bonded into place. Conventional 1/2-inch-diameter steel reinforcing
The exterior surfaces of the hemispheres were lightly bars were embedded in the concrete of two spheres.
sand blasted and a two-part phenolic compound Arrangement of the steel bars is shown in Figure 2.
(Phc",nu!;e No ;0()) was applied.d Finally, to fabri- Alternate longitudinal bars had a nominal concrete
cate a sphere two hemispheres were bonded together cover of 1 or 2.5 inches; however, in certain locations
with an epoxy adhesive (Furane Epocast 8288). near the apex the minimum cover was as low as 0.5
Figure I shows several of these operations. inch.

All of the spheres had the same dimensions and Clocks were placed in Spheres 1 through 6 to
variations in out-of-roundness. Extensive measure- record the day of implosion, if the sphere should fail.
ments 181 were taken on one hemisphere, and Table The clock records days on a counter and has a
2 summarizes the dimensions. In summary, the mean projected life of 3 yearse Figure 3 shows the clock
outside diameter was 65.886 inches and the mean and its pressure housing which was a 4-inch-OD pipe

wall thickness was 4.124 inches. section. The pipe was attached to the top penetrator
of the spheref

d Pinholes existed in the final waterproof coating at a rate of approximately I per 2 sq in.
e For zero time in the ocean, the clocks read 41 days for Spheres 1-3., and 38 days for Spheres 4-6.
f Upon retrieval, safety precautions should be followed in handling the pressure housing because

water at high pressure could be inside. Prior to opening, drill a 1/8-inch-diameter hole through
the steel wall to relieve any internal pressure.
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Figure 3. Clock mechanism and its 4-in.-OD
pressure housing.

Figure 2. Arrangement of steel bar reinforcement
for Spheres 17 and 18.

Table 2. Hemisphere Dimensions and Out-of-Roundness Variations

Standard Deviation Maximum Local Variation
Mean

Item Dimension Measured Percent of Measured Percent of
(in.) (in.) Wall Thickness (in.) Wall Thickness

Interior +0.145 +3.5128.820 -±0.093 ±-2.26
radius -0.213 -5.16

Exterior +0.150 +3.64
radius -0.247 -5.94

Wall +011+4.26tcne 4.124 ±0.060 ±1.45 +0.181
thickness -0.165 -3.90

Power was supplied to the clock from dry-cell Final assembly of the spheres is snown in
batteries placed in a watertight, but not pressure- Figures 4 and 5. The descriptive information on
resis'ant container locatcd at the bottom of the Figure 5 gives important details on the assembly.
sphere. When implosion occurs, the batteries are Documentation of the concrete material is given
destroyed or shorted, and the lead wires running to in Appendix A. The mix proportions, compressive
the clock are broken, strengths, cement compositions, and x-ray diffraction

4



patterns of the concrete are presented. In general, the EMPLACEMENT
concrete was made from a high-quality mix design
where the cement factor was 7.8 sacks per cu yd and The spheres were emplaced in the ocean 4 miles
water-cement ratio was 0.40; the compressive south of Santa Cruz Island, California (Figure 6), on
strength at 28 days was an average 7,660 psi. 23 September 1971. The method of emplacing the

Disposition of the control cylinders and blocks spheres was as follows: a barge loaded with the
is as follows: of the six control cylinders placed in the spheres (Figure 7) was towed by a surface vessel
fog room, three were tested at 28 days; their corn- (USNS Gear) which maintained a constant course
pressive strengths are given in Appendix A, Table A-2. over a location where the seafloor increased in depth
The remaining three control cylinders will stay in the at a fairly uniform rate. At predetermined depths, the
fog room and will be tested when the spheres are appropriate sphere was pushed overboard to free-fall
retrieved from the ocean. Three of the six control to the seafloor. The method worked well with most
cylinders cured with the hemisphere were tested at of the spheres landing within a few hundred yards of
age 28 days and the remaining three were tested the target location. Final location of the spheres is
approximately one month prior to emplacing the given in Table 3. Figure 8 shows a plan view and
spheres in the ocean (Table A-2); these later tests gave Figure 9 a profile view of the sphere locations.
the compressive strength used in calculating the Water samples were obtained from the depth of
short-term implosion pressure, Pi.. There were two 2,530 feet and gave the following data: temperature
control blocks per sphere; one block went with the of 5.33 0 C, salinity of 34.41 ppt, pH of 7.2, oxygen
sphere into the ocean and the other block stayed on content of 0.06 mIl/l, and velocity of sound of
land, located within 50 yards of the ocean. Both 1,483.9 m/sec. A water sample from 4,740 feet gave a
blocks will be cored and tested when the sphere is temperature of 5.161C and a pH of 7.0.
retrieved.

Vs

Figure 4. Final assembly of sphere.
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Mark Item Remark

5 ft a concrete 5.5-ft OD by 4-in. wall; weight in
a sphere air = 4,400 Lb

b* clock Inside steel pipe capsule, 4-in. OD

c by 10-in. long, weight in air = 15 lb

c batteries Dry cell batteries inside PVC pipe

d electric Lead between batteries and clock

10 ft d wire
sonar Aluminum pipe. 10-in. OD by

, target 12-in. long, by 1/8-in, wall

h Syntactic foam, 4-in. min width by

a f buoyancy 7-in. max width by 14-in. long by
element 4-in. deep

b

nyl9 one 1/2-in, diameter

ft Titanium Ti-6AI-4V; conical plug,
d penetration 4-in. major diameter and 3-in. minor

diameter

k C c padey Titanium, 1/2-in.-diameter rod, 3.5-in.c" pdeye radius

- Iidentification Plastic tag with sphere number engraved

(sphere number also stamped on most
tag metal parts)

S5/8-in, steel chain wrapped around
k chain sphere and through padeyes

M I shackle

2-1/4-in.-diameter steel chain, die-lock

. anchor type, total length 53 ft, bottom links
I m chain welded in triangle shape so hanging

length = 42 ft. weight in air = 2,630 lb

25 ft n concrete 18 in. sq by 14 in. high; weight in air

. I block =400 1b

Note: Items b, c, d. e, f, and g were used with only Spheres 1-6.

Figure 5. Details of sphere assembly.
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Table 3. Location of Spheres

Surface Location at Launch Seafloor Location Found by Turtle

Sphere Lorac Distance Azimuth Lorac Distance Azimuth Depth Sphere

No. Coordinates Between Between Coordinates Between Between (ft) No.

Spheres Spheres Spheres Spheres

G R (yd) (°T) G R (yd) (°T)

I 479.6 a  324.4 5,075 1

680 346
2 481.5 '20.0 4,875 2

2,400 340

3 489.9 305.2 490.0 302.0 4,330 3

600 341 400 349

4 491.4 302.6 491.0 299.? 4,185 4

200 340

5 492.6 300.8 4,100 5

2,650 344
6 501.9 284.3 3,875 6

400 344
7 503.2 282.2 500.0 280.9 3,725 7

900 343 800 326
8 506.6 277.1 504.7 277.2 3,665 8

1,580 350 1,920 352

9 511.2 268.0 509.0 265.5 3,295 9

280 350 380 309
10 511.7 266.6 511.7 264.4 3,190 10

1,250 345 1,180 346
11 516.0 259.3 516.0 258.0 3,140 11

1,720 337 1,650 339
12 524.4 250.8 523.5 249.5 2,790 12

540 337 970 280
13 527.0 248.0 532.5b 249.7 2,635 13

650 347 630 332

14 528.8 244.4 5 36 . 1b 246.8 2,440 14
400 355 700 23

15 530.2 242.4 534.6 242.6 2,300 15

300 345 550 5
16 531.7 240.8 535.0 239.5 2,120 16

300 324 200 10

17 533.0 239.4 535.0 238.3 1,980 17
200 352 200 347

18 534.0 c  238.3 535.3 237.5 1,840 18

a Geographic coordinates 33 049'15"N by 119 0 33'30"W.

b These locations may be in error.

Geographic coordinates 330 56'15"N by 119 0 36'15"W.
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California N

Sphere 18
33 0 56'15'N
119 0 36'15"W

\ SphereI
S 33 0 49'15"N

119 0 33'30"W

Figure 6. Location of spheres off California coast.

Figure 7. Spheres rigged on barge in preparation for free-fall launch.
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Figure 9. Bottom profile at sphere location directly below surface launch.

A soil sample was obtained at the depth of successful in inspecting Spheres 7-18. The spheres at
4,100 feet near Sphere 5. Data from the core are greater depths (1-6) were to be inspected with the
presented in Appendix B, Table B-1. unmanned RUM vehicle. Within the time available for

the inspection cruise with RUM, Spheres 3-5 were

inspected successfully, the remaining spheres (1, 2,

INSPECTIONS and 6) have not been inspected.
Data collected during the inspections are given

Three inspection visits have been made to view in Table 4. The chain link count is the number of
as many spheres as possible. Of the 18 spheres, 15 links of chain suspended off the seafloor by the
have been viewed once, and of those 15, five have buoyant spheres. If a sphere was found imploded or if
been viewed twice. anything unusual was observed, this information was

The first and third inspections were made by the recorded. Figures 10 and 11 show an uncoated sphere
Naval Submarine Development Group One using the and a coated sphere tethered off the seafloor.

submersible Turtle. The second inspection was made

by Scripps Institution of Oceanography using the
Remote Underwater Manipulator (RUM). RESULTS

Turtle is a manned submersible capable of

operating to depths of 6,500 feet. During the Implosion
inspections with the submersible, however, those
spheres at depths greater than 3,800 feet were not Two spheres, 3 and 7, have imploded. Fragments
inspected because of the possibility of implosion of a of Sphere 3 were observed during the RUM inspec-

test sphere. Investigators with the Turtle were tion to be scattered over an area of what appeared to

10



Figure 10. View of uncoated sphere (No. 12) at Figure 11. View of coated sphere (No. 13) at
a depth of 2,790 feet after 431 days. a depth of 2,635 feet after 431 days.

Material on top of sphere is sediment.
Nylon rope on left side of sphere was

used to secure 5/8-in. chain around

sphere (see Figure 4).

he a 25-yard radius. To retrieve the clock, the meant that the sphere probably imploded during
manipulator on RUM picked up the 5/8-inch chain to descent which allowed the fragments to disperse.
which the clock was attached. Once on the surface, it In the case of Sphere 7, the fragments were all
was learned that the clock was not retrieved, located within a 10-vard radius. Sphere 7 did not
Implosion forces must have "blown" the clock off contain a clock, so the time to implosion is between I
the chain. Hence, the time to implosion for Sphere 3 and 431 days.
was not obtained; however, from information For Spheres 3 and 7, the Ps/Pi. ratio was 0.72
obtained during the third inspection it has been and 0.58, respectively. This level of long-term loading
deduced that the sphere imploded during descent. was considered relatively low for implosion to occur.
The Turtle operators thoroughly searched the Sphere However, seven other spheres are subjected to Ps/Pim
3 site for the clock, which was not located, but ratios greater than 0.58, four of which have been
observations showed that fragments of concrete were inspected and are performing well.
spread over a radius of 50 yards. Also, the anchor The concrete control block for Sphere 3 was
chain was not at the center of debris or at the loca- retrieved. The compressive strengths of this block and
tion of highest fragment density. This information other control specimens stored at on-land field

11



Table 4. Inspection Data

Chain Link Count a at-

Sphere Emplacement Inspection No. 1 Inspection No. 2 Inspection No. 3 Time to

No. (By: CEL (By: Turtle (By: RUM (By: Turtle Implosion Comments

Date: 23 Sep 71 Date: 4 Mar 72 Date: 26 Aug 72 Date: 1 Dec 72 (days)

Time: 0 days) Time: 163 days) Time: 340 days) Time: 431 days)

1 29.7 b  - - -

2 29.7

3 29.4 - imploded 0

4 29.4 - 23 - - Insp. No. 3, observed
sphere intact and

floating high.

5 29.6 - 21 - -

6 29.6 - - -

7 31.5 - - imploded 1-431

8 31.5 - - 0 - Insp. No. 3, sphere
intact but on
seafloor.

9 31.6 - - - - nsp. No. 3, chain
tangled on block.

10 31.6 - - 24 -

11 38.0 - - 31 -

12 32.1 - - 24 -

13 32.1 28 - 28 -

14 48.4 39 - 39 -

15 32.2 26 - 25 -

16 31.8 26 - 25 -

17 32.6 29 - 28 -

18 32.6 - - 25 -

a Number of links suspended off seafloor by buoyant sphere.

b Calculated number of links suspended off seafloor by sphere with concrete at room dry condition.

12



I
conditions and fog-room conditions are given in Reference 8 reports permeability results from
Appendix C. The control block from Sphere 7 was two 66-inch-OD concrete spheres subjected to
not retrieved as the Turtle was not rigged for a seawater hydrostatic pressure tests. The permeability
retrieval operation. data are shown in Table 6. D'Arcy's permeability

coefficient, Kc , was determined from the data as an
Permeability average of 0.13 x 10-12 ft/sec. D'Arcy's permeability

coefficient can be expressed as follows for the
The method used to determine the permeability spheres:

of seawater through the concrete walls produced a
fairly accurate indication of in-situ permeability K p t
behavior of the spheres. This method used the change Kc = T-Ah (1)
in number (reduced number) of chain links to
calculate the gain in weight of the sphere due to sea- where Kc = permeability coefficient, ft/sec
water intake. The accuracy of the quantitative results
depend on several approximations; these are Qp = quantity of permeability

discussed in Appendix D. The accumulative effect of seawater, cu ft
these approximations is estimated to be a maximum T = time, sec
of ± 0.8 cu ft of seawater. This error can be reduced
to ± 0.3 cu ft by comparing the change in link counts t = wall thickness, ft
from actual inspections instead of using the calcu- A = exterior surface area, cu ft
lated link count from zero days.

Table 5 gives the total quantity of seawater h = depth (or pressure head), ft
intake, Q, for the different time intervals between
emplacement and inspections. Seawater intake Using the Kc value of 0.13 x 10.12 ft/sec as a
includes the seawater absorbed by the concrete and baseline, the data from the spheres in the ocean can
the seawater that permeated through the concrete, be compared to that from the pressure vessel tests.
Figure 12 shows the Q versus time behavior. Three Table 5 lists the Kc values for the ocean spheres. in
items of interest are observed. One item is that the all cases, the permeability coefficient was lower for
uncoated concrete spheres have a greater Q than the the spheres in the ocean than for the spheres in the
coateu spiieres; after 431 days, the coated spheres pressure vessels. The average K c values for the
showed an average Q of about 2.6 cu ft and the coated spheres were 0.06 x 10-12 ft/sec at 163
uncoated spheres about 3.6 cu ft. Another item is days and 0.02 x 10,12 ft/sec at 431 days, and
that the spheres which have been inspected twice for the uncoated spheres were 0.11 x 10-12 ft/sec
howed a considerable decrease in the rate of sea- at 163 days and 0.06 x 10-12 ft/sec at 431 days.
water intake. The last item is that Q increased for Other K, values were those attained between the time
specimens at greater depth, but the increase was not interval of 163 to 431 days; for the coated spheres,
pronounced, no increase in p was observed, so Kc was zero, and

The actual quantity of seawater permeatinr the for the uncoated spheres the average K, was
wall, Q was estimated by subtracting the quantity of 0.04 x 10"12 ft/sec.
absorbed seawater from the total seawater intake. The permeability data from the pressure vessel
Earlier work on 66-inch-OD spheres 181 showed that tests showed that a straight line curve of p versus
the concrete (same concrete as used in this study) log T fit the data with fair accuracy. The empirical
absorbed approximately 3 percent by weight (or 7 semi-log relationsX for one sphere (specimen CWL-9A)
percent by volume) of seawater. This corresponds to at a simulated depth of 2,520 ft was:
2.0 cu ft of seawater absorbed by the concrete. Table
5 shows the (Ir values for the different time intervals. Qp = 0.34 log oT - 0.11 (2)
At 431 days, the average Qp for the coated spheres was
(0.8 cu ft and for the uncoated spheres was 1.6 cu ft,

g Equations 2 and 3 are presented in this report with time. T. in days. These equations are different
from those in Reference 8 which give time. T. in hours.

13
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Q is Average Nominal
for Depth

Symbol Sphere Nos. (ft)

5.0 0 4 and 5 4.100

11 3,100

10 and 12 3,0OO

* 13 and 14 2.500

15 and 16 2,200

17 and 18 i.900

4.0 uncoated sphere

coated sphere

-- - half-coated sphere

3.o

2.0

0 100 200 300 400 500

Time on Seafloor (days)

Figure 12. Total seawater intake of concrete spheres.

15



and for another sphere (specimen CWL-6) at a relation assumes a constant rate of permeability,
simulated depth of 3,760 feet it was: whereas the extrapolation of the empirical semi-log

relation assumes a decreasing rate with time, It is not
Qp = 0.32 logj 0 T - 0.01 (3) apparent at this time which approach defines the

permeability behavior of the concrete spheres.

where T is time (days). Additional data from inspections are required.

Figure 13 shows a comparison between D'Arcy's Sphere 8 was found intact but sitting on the

equation, Equation 1, using Kc = 0.13 x 10"12 ft/sec seafloor after 431 days. A total seawater intake of

and the empirical equations, Equations 2 and 3. Data 15.3 cu ft or more was required to overcome the
from the ocean spheres are shown to be bracketed by positive buoyancy of the sphere. This quantity of sea-
the D'Arcy and empirical semi-log relations. D'Arcy's water was three to four times that of the other

5.0

D'Arcy's Equation, Eq 1

r 4.0 Ocean Depth (ft)

Symbol Sphere 3.760

0 uncoated 2,520

coated

] half-coated
3.0

-Same sphere inspected twice

2.0 -

0
Empirical Semi-Log Relations

Depth (ft)

Lo ~ 2,520 (Eq 2

01
10 100 1.000

Time, T (days)

Figure 13. Comparison of ocean sphere permeability data with the D'Arcy equation and the
empirical semi-log relations as given in Reference 8.
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Table 6. Permeability Data (After Haynes and Kahn 18 )

Simulated D'Arcy's
Specimen S ed Time Permeability, Q, Permeability

No. Depth (days) (cu ft) Coefficient, Kc(ft) (ft/secx 10-12)

CWL-9A 2,520 21 0.34 0.16

CWL-6 3,760 42 0.52 0.10

NOTE: Spheres started the test having the concrete in a wet condition. The procedure
for obtaining wet-concrete walls was to place an uncoated sphere on the bottom
of the pressure vessel and allow the seawater to fill the inside of the sphere, and
then apply hydrostatic pressure. The pressure was maintained usually for 7 days
at 500 psi or until the pressure became constant and showed no decrease, thus
indicating that the voids of more significant size were filled with water.

spheres, so it was evident that Sphere 8 leaked. D'Arcy's permeability coefficient, Kc, was on
Experience in fabricating concrete spheres has shown the average 0.02 x 10-12 ft/sec for the coated spheres
that periodically a specimen leaked at a concrete- and 0.06 x 10-12 ft/sec for the uncoated spheres
epoxy joint. between the time interval of 0 to 431 days on the

seafloor. These Kc values were less than the Kc value
of 0.13 x 10.12 ft/sec obtained from pressure vessel

SUMMARY tests on similar uncoated spheres for time intervals up
to 42 days 18].

Of the original eighteen spheres emplaced at The concrete spheres are to remain in the ocean
depths between 1,840 and 5,075 ft. fifteen spheres through 1981 with periodic inspections to determine
have been inspected at least once. Of the spheres that implosion and permeability data.
were inspected, the one at greatest depth was at
4,185 feet, and was performing well after 431 days.
Two spheres have imploded; one sphere imploded ACKNOWLEDGMENTS
during emplacement to the depth of 4,330 feet and
the other sphere imploded during the time interval of The author wishes to acknowledge the assistance
I to 431 days at a depth of 3,725 feet. of Mr. L. F. Kahn during the planning and fabrication

The quantity of seawater that had permeated stages, of Mr. N. D. Albertsen in emplacing the
through the concrete walls was about 0.8 cu ft for the spheres in the ocean, of Mr. P. C. Zubiate as senior
coated spheres (waterproofed concrete) and 1.6 cu ft project technician, and of Mr. D. W. Widmayer in
for the uncoated spheres (non-waterproofed concrete). fabricating the spheres.
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Appendix A

CONCRETE MATERIALS

The mix design for the concrete is given in Table X-ray diffraction patterns for three concrete
A-1. Transit-mix trucks delivered the concrete, and blocks, W-15, W-39, and W-41, were obtained
final determination of water content was based on (Figures A-1 through A-3) for documentation of the
workability. Table A-2 gives the properties of the chemical composition of the concrete at the early
fresh concrete; average values were (1) water-to- stages of the test program. At the end of the test
cement ratio of 0.40, (2) slump of 1-1/2 inches, (3) air program, which could be many, years away, samples
content of 2.4 percent by volume, and (4) unit of concrete can be analyzed to determine whether or
weight of 145.2 lb/cu ft. not the concrete has been attacked by the sulphates

Compressive strength of the concrete at age 28 in seawater. Table A-4 gives the diffraction angle (26)
days (Table A-2) averaged 7,660 psi for the fog- of the expected intensity peaks for concrete attacked
room-cured specimens and 7,690 psi for the on-land and unattacked by sulphates in seawater 1121.
field-cured specimens (moist-cured in wet burlap and
wrapped in plastic for first 28 days). The compressive Table A-1. Concrete Mix Design
strength of the concrete at ages varying from 4 co
174 days was obtained prior to emplacinv * - pheres Portland cement. Type 1, low-alkali
in the ocean (Table A-2). These strenrth, ._,ere used Santa Clara River aggregate
to calculate the short-term implosi,.. .ssure of the Water-to-cement ratio = 0.41
spheres (the compressive strer"-ti of the weaker Sand-to-cement ratio = 1.85

hemisphere was used) so that -irojected emplacement Coarse aggregate-to-cement ratio = 2.28
depths could be calculated For the uncoated spheres, Water-reducing admixture = 2 oz/slack of Plastiment

the control cylinders vcre saturated with seawater Aggreate Gradation
prior to testing. The method of saturation was to
place the specimen in a pressure vessel and apply 500 Material Sieve Size Percentage Retained
psi pressure for 7 days. The strength of saturated con- Designation
crete has been found to be 10% lower than room-dry Individual Cumulative
concrete 181. The coating was assumed to maintain 3/8 inch 0 0
the concrete in a dry condition, so the control no. 4 2 2
cylinders were tested in a dry condition. no. 8 11 13

Table A-3 is a copy of a typical mill test report Sand no. 16 17 30
on tf : portland cement used by the transit-mix no. 30 28 58
suppier, Southern Pacific Milling, during the no. 50 28 86

no. 100 11 97fabrication of the hemispheres. All of the cement pan 3 100
mects ASTM specification C-150-70, Type II, Low 3/4 inch 0
Al:ali, Portland Cement. Coarse aggregate 3/8 inch 70 70

no. 4 30 100
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Table A-3. Copy of Mill Test Report on Cement

PACIFIC WESTERN INDUSTRIES, INC.

LOS ROBLES CEMENT DIVISION

POST OFFICE BOX 1247 & (805)248-6733
LEBEC, CALIFORNIA 93243

MILL TEST REPORT

We certify that 17,982 bbls. of LOS ROBLES Portland Cement in

Silo or Lot No. 1-802 has the following chemical and physical characteristics

as tested in our plant laboratory:

CHEMICAL ANALYSIS: FINENESS:

Silicon Dioxide, SiO 2  22.28 % Blaine, Sq. Cm. per Gram 3476

Aluminum Oxide, A120 3  4 .6 2  % W a g n e r , S q . C m . p e r G r a m

Ferric Oxide. Fe,03 . 3.04 % SOUNDNESS:

Calcium Oxide, CaO. 64.24 %

Magnesium Oxide. MgO 1.46 % Autoclave. Percent Expansion .000

Sulphur Trioxide, SO 3 . 2.73 TIME OF SETTING:

Loss on Ignition . . . . 1.38 %

Insoluble . ...... 0.05 % Vicat I hrs, 45 min.

Alkalies, Comb. as NaO 0.42 % Gilmore, Initial Set 2 hrs. 50 min.

Final Set 4 hrs. 30 min.
POTENTIAL COMPOUNDS: COMPRESSIVE STRENGTH:

3 CaO.SiO, .. . 49.0 % 2 day . ....... 1552 psi

2 CaO.SmO 2  .. 26.9 % 3 days . ....... .2838 psi

3CaO.A 2 0 3. . . . . . .. . . . . 7.1 7 days ....... 4411 psi

4 CaO.AI2O 3 .Fe 2 O 3. . 9.2 % 28 days ......... .6802 psi

THIS CEMENT MEETS OR EXCEEDS THE FOLLOWING DESCRIBED SPECIFICATIONS:

ASTM: C-150-70 Type II Low Alkali

FEDERAL: SS-C-192g Type II Low Alkali

CALIFORNIA: State Div. of Hwvs. Std. Spec. 90-2,01 Mod. Type 11 Low Alkali

OTHER:

MAIN OFFICE:

3810 Wilshire Boulevard Pacific Western Industries, Inc.

Los Angeles, California 90005

(213) 381-3181 BY: 4-2-71
CHIEF CHEMIST DATI

22
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Table A-4. Expected Intensity Peaks 112] From X-Ray Diffraction Analysis

of Concrete Attacked and Unattacked by Seawater

Diffraction Angle (20)

at Intensity Peak Material Remarks

(deg)

Concrete Attacked by Sulfates in Seawater

). 1 Ettringite,
15.8 3CaOA12 0 3 3CaSO 4 32H 2 0

11.2 Hydrocalumite, May not be present.
Ca 16 AI ,(OH) 5 4 CO 3 21HO

11.7 Gypsum, CaSO 4 2H 2 O Very soluble, may not be present.

29.4 Calcite, CaCO 3  Due to carbonation.

26.2 Formed at cold temperatures,

27.2 Aragonte, CaCO 3  may not be present.

Concrete Unattacked

18.1

34.1 Lime, Ca(OH) 2  Created from hvdrated cement.

broad peak Tobermerite gel Created from hydrated cement.

-28-33

32.3 C3 S Traces of unhydrated cement,

32.7 C3 S and C2 S usually hard to see in older

33.1 C 3 A concrete.

29.4 Calcite, CaCO 3  Due to carbonation.

10.5

20.9 Aggregates Some of the larger peaks from the
26.6j  aggregate.

27.8

a Quartz aggregate.
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Figure A-1. X-ray diffraction pattern for concrete from W-15 control block.
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Figure A-2. X-ray diffraction pattern for concrete from W-39 control block.
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Appendix B

SOIL PROPERTIES

Table B-I. Soil Data

(Core specimen obtained at 4,100 feet near Sphere 5; core diameter was 2.75 inches.)

Properties of Soil Sample

Item From Core by Intervals

0-3 In. 6-9 In. 13-16 In.

Bulk wet density (pcf) 90.64 94.53 94.20

Water content (%) 82.69 83.39 85.54

Vane shear strength (psi) 0.296 1.074 1.431

Remolded shear strength (psi) 0.037 0.394 0.566

Sensitivity 8.0 2.7 2.5

Liquid limit 81.7 91.0 112.3

Plastic limit 42.3 39.9 42.5

Plasticity index 39.4 51.1 69.8

Specific gravity 2.63 2.57 2.61

Unified soil classification MH MH CH

Type of soil silt silt clay-silt

27
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Appendix C

COMPRESSIVE STRENGTH OF CONCRETE FOR SPHERE 3

Even though Sphere 3 imploded on descent to the seafloor, the control block of concrete was iot
retrieved until 340 days later. This control block was fabricated of the same concrete as one of the sphere's
hemispheres, W-16. This concrete experienced a history of 172 days of on-land field curing and 340 days of
in-ocean field curing.

The other hemisphere, W-15, had a corresponding control block that was continuously stored
out-of-doors; hence, this concrete underwent a continuous 514 days of on-land field curing. Simulta-
neously, three 6 x 12-inch-long cylinders for both hemispheres underwent continuous fog room curing.

The compressive strengths for the concrete are shown in Table C-1 and Figure C-1. The fog-cured
concrete increased 23 percent in average strength, from 8,460 to 10,420 psi. The on-land field-cured
concrete leveled off in strength at an average of 8,650 psi after 134 days. The in-ocean field-cured concrete
decreased in strength from an average of 9,650 psi after 132 days of on-land curing to an average of 7,600
psi after 340 days in the ocean; this was a 21 percent decrease in strength. Wetting of the dry concrete
would account for 10 percent of the decrease 181 ; perhaps under the long-term hydrostatic pressure the
total decrease in strength was due to saturation of the concrete. Previous work by Russians 113] showed a
decrease in compressive strength of 28 percent due to saturating dry concrete under high hydrostatic
pressure; however, the test procedure used to obtain the saturated concrete was not discussed.

Concrete from block W-16 was analyzed by x-ray diffraction techniques. It was found that the
concrete was not attacked by the seawater.
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Table C-1. Control Cylinder Data for Sphere 3

Coefficient

Total Saturated Number of Compressive

Curing Age With Seawater Control Strength, f' ofHeipee Condition Srnt, Variation
Hemdspher (days) Prior to Test Specimens (psi) (%)

Fog Room 28 no 3 8,520

Field' 28 no 3 7,260

With

W-15 Hemisphere' 134 no 3 8,840 -

Fog Room 514 no 3 10,470 3.9

Field at

CEL a , b 514 no 8,650 3.7

Fog Room 28 no 3 8,400 -

Field a  28 no 3 7,940 -

WithH ih 132 no 3 9,650 -
W-16 Hemisphere

a

F'g Poom 512 no 3 10,360 1.5

In 'e. n . b

(at 4,400 ft 512 yes 4 7,600 4.0
for 341 days)

a First 28 days: moist-cured in wet burlap wrapped in plastic sheeting.
b 6 x 12-in.-Iong cylinders cored from block 18 x 18 x 14 inches.
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12,ooo

6 x 12-in.-Long Control Cylinders From Sphere 3

10000 
placed in ocean

1o~ooo -/O----....... "

8,000

9P

6,000

Symbol Hemisphere No.

4,000 0 W-15

0 W-16

Each point represents average

of minimum 3 specimens

Fog-room curing

2,000 - On-land field curing

---- in-ocean field curing

0I I I I

I W0 200 300 400 500

Age of Concrete (days)

Figure C-1. Compressive strength of concrete for Sphere 3.
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Appendix D

CALCULATION OF SEAWATER INTAKE

The method used to calculate the total quantity of seawater intake by the spheres depends on
obtaining the change in number of chain links suspended off the seafloor by a sphere. The reduction in
number of links is converted into quantity of seawater intake, Q. The accuracy of determining Q is
dependent on several approximations.

One approximation is the criterion by which the submersible operators counted the chain links. They
counted only whole links; or, in other words, the bottom-most link counted was the one in a vertical
position.

Another approximation is estimating the original number of links suspended off the seafloor when the
spheres had dry-concrete walls. The associated calculations are shown below, in part, and are completed in
Table D-1.

Buoyancy of Hull

Dimensions Do = 65.886 inches and Di = 57.640 inches

Weight of Displaced Seawater, WD

WD = 64 pcf (86.64 cu ft) = 5,545 lb

Weight of Concrete Sphere, Wc

WC = 145.2 pcf (28.625 cu ft) = 4,156 lb

Positive Buoyancy = 1,389 lb for bare concrete hull

In-Water Weight of Components on Spheres

5/8-inch chain ........ ..................... 67 lb

Wet-concrete control block ..... ................ 220 lb

Steel components ....... ................... 40 lb

Titanium components ...... .................. 8 lb

Load on Spheres 7-16 (also common load to other spheres) . ... 335 lb

Clock (estimated in air weight) ..... ............... 20 lb

Batteries (estimated in air weight) .... .............. 40 lb

Common load ........ ..................... +335 lb

Load on Spheres 1-6 ...... ................. 395 lb

Steel bar reinforcement (in-water weight) .... ............ 150 lb

Common load ........ ..................... +335 lb

Load on Spheres 17 and 18 ..... .............. 485 lb

Column D in Table D-1 was another approximation. This was the apparent weight gain of the system

due to the change in volume of the sphere under load. Using data from Reference 8, it was assumed that the

maximum long-term strain for the spheres at greatest depths was 2,500 gin./in. This strain resulted in a
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change in volume sufficient to reduce the buoyancy by 40 pounds. For the spheres in shallower water, a

proportional buoyancy adjustment was made.
It was estimated that the maximum error in the net positive buoyancy values was ±50 pounds. in

terms of chain links (2-1/4-inch chain), the error was ±1.5 links; or in terms of seawater intake, the error

was ±0.8 cu ft.
The error associated with permeability reading between inspections is ±20 pounds, or ±0.3 cu ft.
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Table D-1. Calculation of Number of Links Off Seafloor at Zero Days

A B C D -G
Positive Weight a of Weighta Apparent Weight

a  H = E/G

Sphere Buoyancy W e ts of Weigh t Net Positive Chain Each NumberNom.oofntConcretehtof ofaink
No. of Concrete Buoyancy Size of LinksHul on Hull Shackles Gain Chain Link OfSalo

Hull (b) (b) (b)b (Ib) (in.) (lb/link) Off Seafoor
0Ib)

1 1,389 395 28 40 926 2-1/4 31.2 29.7

2 1,389 395 28 40 926 2-1/4 31.2 29.7

3 1,389 395 42 35 917 2-1/4 31.2 29.4

4 1,389 395 42 35 917 2-1/4 31.2 29.4

5 1,389 395 42 30 922 2-1/4 31.2 29.6

6 1,389 395 42 30 922 2-1/4 31.2 29.6

7 1,389 335 42 30 982 2-1/4 31.2 31.5

8 1,389 335 42 30 982 2-1/4 31.2 31.5

9 1,389 335 42 25 987 2-1/4 31.2 31.6

10 1,389 335 42 25 987 2-1/4 31.2 31.6

11 1,389 335 42 25 987 2-1/4 26.0 38.0

12 1,389 335 28 25 1,001 2-1/4 31.2 32.1

13 1.389 335 28 25 1,001 2-1/4 31.2 32.1

14 1,389 335 28 20 1,006 2 20.8 48.4

15 1,389 335 28 20 1,006 2-1/4 31.2 32.2

16 1,389 335 42 20 992 2-1/4 31.2 31.8

17 1,389 485 42 15 847 2-1/8 20.0 32.6

18 1,389 485 42 15 847 2-1/8 26.0 32.6

a In-water weight.

b Due to change in volume of sphere under load.
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LIST OF SYMBOLS

A Exterior surface area, cu ft

Di  Inner diameter of concrete sphere, in.

D. Outer diameter of concrete sphere, in.

f'1 Uniaxial compressive strength of concrete, psi

h Depth (or pressure head), ft

Kc  Permeability coefficient, ft/sec

Pim Short-term implosion pressure, psi

Ps Sustained pressure, psi

Q Total quantity of seawater intake, cu ft

QP Quantity of seawater permeating wall of sphere, cu ft

T Time, sec, hr, days

t Wall thickness, ft, in.

WC  Weight of concrete sphere, lb

WD Weight of displaced seawater, lb
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INTRODUCTION uncoated. The remaining two spheres
were lightly reinforced with 0.5-inch (13-

In September 1971, a test program mm) diameter steel bars. The reinforcing
was started on concrete spherical struc- bars had a concrete cover of I and 2.5
tures placed in the deep ocean for long- inches (25 and 63 mm). Half of the
term testing. This report is the second in exterior of each of these spheres was
a series documenting the study; pre- coated with the waterproofing agent.
sented are the test results of the spheres The reinforced spheres were to deter-
after 6.4 years in the ocean. The first mine whether corrosion problems exist in
report (Ref 1) covered the fabrication, the deep ocean environment.
ocean emplacement, and inspections up The depth range for the spheres
to i.3 years. Details of the test program corresponds to relative load levels of
and the specimens are given in Refer- from 0.36 to 0.83. The relative load
ence I. level, P. /Pp , is defined as the ratio of

The technical objectives of the pro- sustained pressure to predicted short-
gram are to obtain data on time-depen- term implosion pressure.
dent failure, permeability, and durability Time-dependent failure was expec-
of the concrete spherical structures. ted for six of the spheres subjected to
These data can provide a technology base the highest load levels; therefore, those
from which engineering guidelines could spheres were equipped with clock mech-
be written. Another important aspect of anisms to record the day of implosion. If
the program was to expose the spheres to other specimens were to implode, the
real environmental conditions. The test yearly inspections would discover the
results will aid considerably in establish- failed specimens.
ing confidence and credibility for con- Permeability data were gathered
crete as a deep-ocean construction during inspections. The spheres, which
material. were approximately 1,000 pounds (450

kg) buoyant, were tethered 30 feet (10
m) off the seafloor by a 2.25-inch (57-

BACKGROUND mm) diameter chain. As seawater was
absorbed by and permeated through the

Eighteen concrete spheres 66 inches concrete, the sphere weight increased.
(1676 mm) in outside diameter and 4.12 The reduced buoyancy of the sphere
inches (105 mm) in wall thickness were meant that less chain was suspended off
placed in the ocean at depths varying the seafloor. Therefore, change of one
from 1,840 to 5,075 feet (560 to 1,547 chain link corresponded to 0.50 cu ft (14
m). Sixteen of the spheres were unrein- liters) of seawater being taken on by the
forced concrete, eight of which were sphere.
coated on the exterior with a phenolic The concrete mix design was Type II
compound to act as a waterproofing Portland cement, a water-to-cement
agent; the other eight spheres were left ratio of 0.41, a sand-to-cement ratio of

I



1.85, and a coarse-aggregate-to-cement During the sixth inspection in
ratio of 2.28. The maximum size January 1977, Spheres No. 11, 12, and 13
aggregate used was 3/4 inch (19 mm). were recovered after 5.3 years in the

ocean. Two'of the spheres had a water-
proof coating and were retrieved from

INSPECTION AND RETRIEVAL depths of 2,635 and 3,140 feet (803 and
957 m). The other sphere was uncoated

The operations to inspect and and was retrieved from a depth of 2,790
retrieve the spheres were conducted by feet (851 m).
submersibles. The Navy's deep-diving The submersible Seacliff made a
manned submersibles Turtle and Seacliff, separate dive to retrieve each sphere. A
operated by the Submarine Development reel containing 6,000 feet (2,000 m) of
Group One, were used in all but one 1/2-inch (13-mm) nylon line was attached
operation; Scripps Institution of Ocean- to the front end of the submersible. A
ography used their Remote Underwater large steel hook was connected on the
Manipulator (RUM) to conduct an inspec- end of the line. Using a manipulator, the
tion in 1972. The last inspection Seacliff attached the hook to the
occurred in March 1978. Sphere's tether chain and then payed-out

During each operation, only a the line as it surfaced. At the water
limited number of spheres were inspec- surface, the line was buoyed with a
ted. Those checked depended on the marker. The CEL warping tug was then
number of dive days scheduled for the employed to reel in the line and recover
submersible and on weather conditions, the sphere (Figure 2). Each sphere was
which could restrict the actual number subsequently wrapped in wet burlap and
of dives. Hence, some spheres have been plastic sheet to prevent it from drying
inspected more frequently than others out.
(Figure 1). Sphere no. 6 has not been A surface inspection of the spheres
inspected as yet. Table I summarizes the revealed tube worms and a grass-like
data obtained during the inspections, animal growth on the coated spheres as

Spheres no. 15 and 17 show chain well as a few small anemones and a
link counts (the number of links suspen- grouping of small scallops. The concrete
ded off the seafloor) that increased with surfaces, whether coated or uncoated,
time in the ocean. This increase in chain had considerably less grass-like growth
link count was due to inaccuracies in than the steel chains (Figure 3). Figures
counting links. Turbidity sometimes 4 and 5 show a close-up view of the
obscured the links near the seafloor, exteriors for a coated and uncoated
making it difficult for the submersible sphere.
operators to get an accurate count. Also, These spheres were subsequently
the submersible operators were changed tested in the laboratory where they
with each dive, which caused variations provided data on the actual quantity of
in the data collection procedure. More water permeating to the inside of the
reliable data have been obtained during spheres, the short-term implosion
recent inspections because chain link pressure and strain behavior of preloaded
counts were sometimes taken two and spheres, and the chemical compounds
three times as a check. present in the concrete.

2



Table 1. Sphere Inspection Data

1 Inspection No. Inspection No. 2 Inspection No. 3 Ip No. 4 Inspection No.
Chain (Mar 1972, (Aug 1972, 340 days) (Dec 1972, 431 days) (Nov 1973, (Oct 1974, 1,120

Emplacement Links
Sphere Exterior Depth Off No. of No. of No. of No. of No. of

No. Surface (fr) Seafloor Chain Permeated Chain Permeated Chain Permeated Chain Permeated Chain Petrr
at Start Links Water b  Links Water Links Water Links Water Links Wt
of Testa Off (ft 3) Off (f 3 ) Off (ft3) Off (ft3) Off (f

Seafloor Seafloor Seafloor Seafloor Seafloor

I Coated 5,075 29.7 Imploded
2 Coated 4,875 29.7 No count*

Coated 4.330 29.4 Imploded___I_ _ ___ 4 _ __ _ _ _-____ _ _____ _ __

4 Uncoated 4.185 29.4 23 0.99 No count*
5 Uncoated 4,1( ) 29.6 21 2.06 No count*
6 Uncoated 3,875 29.6

7 Coated 3,725 31.5 Imploded
8 Coated 3,665 I 31.5 Intact,

but on
bottom*

9 Uncoated 3,295 31.6 Chain
tangled*

10 Uncoated 3.190 I 31.6 24 1.58 24 1.58

11 i Coated 3,140 34c 31 0 31 0

12 Uncoated 2.790 31.7 d  24 1.63 24.5 1.38 24.5

13 Coated 2,635 32.1 29 0 29 0 29 0

14 Coated 2,440 43' 39 0 39 0 38.5 0 38.25 0
15 Uncoated 2,300 32.2 26 0.89 25 1.38 25.5 1.14 25.75 1

16 Uncoated 2.120 31.8 26 0.70 25 1.19 25 1.19 24 1
17 Flalf- 1,980 32.6 29 0 28 0 29 0

coated
18 tlalf- 1.840 32.6 25 1.28 I

coated __ __ _ _ _ _ _ _

aOriginal number of links off seafloor calculated from known weights of components.
bBased on 3% by weight absorption to saturate the concrete.

cNew chain count based on retrieved sphere data.
dExtra shackle found on retrieved chain which changed number of links from Reference 1.

CActual quantity of permeated water was 1.24 ft3.



Table 1. Sphere Inspection Data

Inspection No. 4 Int N 5 Inspection No. 6 Inspection No. 7

(npptoN.n N ov, 1973 p (Jan 1977, (Mar 1978,
day,) (Dec 1972, 431 days) 776 days) (1,945 days) 2.355 days)

No- of No. of No. of No. of No. of Comments
N" cird Chain Permeated Chain Permeated Chain Permeated Chain Permeated

.:or Links Water Links Water Links Water Links Water Links Water

Off (ft
3
) Off (ft Off (ft 3

) Off (ft 3
) Off (ft3)

0- Seafloor Seafloor I  Seafloor Seafloor Seafloor
Sal0Seaflo

Imploded

27! No count' 27 0 *Sphere intact

14 No count' 14 5.38 *Sphere intact
14 .' I I No count' 18 3.53 *Sphere intact

Not inspected to date

Imploded 1
Intact, Sphere flooded, probably
but on Ifrom leak

bottom.Chain
Int Chain Intact '*Chain tangled; could

tangled
o

not count links

24 1.58 !24 1.58 23 2.06

31 0l 31 30.5' 023 * 31 0 r0I 'Retrieved during
Inspection No. 6

24 1.63 24.5 1.38 24.5 1.38 24.5' 1.38 *Retrieved during
4C2 Inspection No. 6e

29 0 29 0 29 0 29- 0 *Retrieved during
38' ; Inspection No. 6

9 o 385 0 38.25 0 38 0

25 25 1.38 25,5 1.14 25.75 1.)2 25 1.38 25.75 1.0225 . _____ _______________

25 1.19 25 1.19 24 1.67 23 2.16 22 2.64
23 28 0 29 0 29 0

25 1.28 21 2.9121 ____ __ _____ ____ ____



Figure 1. Sphere no. 12 shown after 1 year in the ocean at 2,790 feet (850 m).



Figure 2. Sphere no. 13 retrieved from depth of 2,635 feet (803 m).

pK

Figure 3. Uncoated concrete block had considerably less grass-like growth
than the steel chain.
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RESULTS AND DISCUSSION compressive strengths for spheres at 28
days and at the time of emplacement;

Concrete Strength Gain these data are now given in Appendix B.
At 5.6 years of age, the continuously

The compressive strength of con- fog-cured concrete showed a relative
crete after curing in the ocean for 1.3 strength of 1.35 (coefficient of variation
and 5.3 years was obtained from was 5.2%). The on-land field-cured
uncoated concrete blocks that were concrete showed a relative strength of
attached to the chain of the spheres 1.32 (coefficient of variation was 8.0%),
(Figure 3). The block size was 14 x 18 x and the ocean-cured concrete a relative
18 inches (356 x 457 x 457 mm), from strength of 1.15 (coefficient of variation
which four 6 x 12-inch (152 x 305-mm) was 9.5%).
cores were drilled. The uniaxial com- The data from the on-land field-
pressive strength of the cores was com- cured concrete are interesting but
pared to that of 6 x 12-inch (152 x 305- difficult to discuss because the con-
mm) cast cylinders made from the same crete's actual moisture content varied
batch of concrete and cured under con- with time. The compressive strength of
tinuous fog room conditions. The dry concrete is greater than that of
strength was also compared to that of equivalent wet concrete by an average of
cn-land cured concrete blocks located 20% (Ref 2, 3). The degree of dryness,
about 150 feet (50 m) from the shoreline. i.e., the relative humidity of the environ-
These blocks were the same size as those ment with which concrete is in equilibri-
in the ocean, and test specimens were um, also influences the compressive
cored from the blocks. The compressive strength. For our case, the equilibrium
strength results are presented in Table 2. relative humidity was not known. At 5.6

A strength differential has been years, spring was starting after a drought
observed to occur between cast and year. However, because of the proximity
cored specimens of the same concrete of the concrete blocks to the ocean, the
due to the effect of drilling. The com- environmental relative humidity was high
pressive strength of the core specimens (100%) most evenings.
in this study was increased by 7% so that Samples were dried in an oven to
it would be equivalent to that of the cast obtain an indication of how much
specimens. (Past data supporting the absorbed water the on-land concrete had
strength adjustment are given in in comparison to the fog- and ocean-
Appendix A). Table 2 presents both the cured concrete. These data are given in
measured strength of the core specimens Appendix C. As expected, the on-land
and the adjusted strength. The following concrete contained less moisture than
analysis of strength data is based on the either the fog-cured or ocean-cured con-
adjusted strengths. crete. It is likely that if the on-land

The compressive strength gain of concrete were soaked in water for
concrete in the different curing environ- several days prior to uniaxial testing, the
ments is presented graphically in Figures compressive strength would have
6 through 9. Relative strengths are decreased. The amount of the decreases
shown where the common denominator is would have been an estimated 5 to 15%.
the 28-day fog-cured strength. This Figure 10 shows a constructed
strength had a nominal value of 8,000 psi relationship between relative strength
(55 MPa). Reference I did not give the and total age for the fog- and ocean-
coefficients of variation of the cured concrete. The strength gain

8



behavior for the fog-cured concrete is are shown in estimating the relationship
consistent with existing knowledge. How- between the time the concrete was
ever, the strength gain behavior for the placed in the ocean and 1.6 years. For
ocean-cured concrete is unusual and the lower path, which intersects the
needs discussion. datum point at 1.6 years, the initial

When a mass of concrete the size of strength reduction when placed in the
a control cylinder is placed in the ocean ocean had to be greater than 10%. The
under high hydrostatic pressure, water higher path assumes that the data at
fills the larger size voids within a period time 0.25 years to be accurate and those
of several days. The smaller size voids at 1.6 years to be a "low" result. The
become filled over a much longer time data at 1.6 years are from one concrete
period. For example, 6 x 12-inch (152 x block, producing four cores with a
305-mm) cylinders under a pressure head coefficient of variation of 4.0%.
of 550 feet (168 m) were still absorbing At 5.6 years, the cement was corn-
water after 84 days (Ref 4). Saturated pletely hydrated for both the fog-cured
concrete, that is, concrete whose voids and ocean-cured concrete as determined
are mostly filled with water, has been from x-ray diffraction analysis of the
found previously to have a strength concrete. Hence, the rate of strength
reduction of 10% compared to companion gain of the concrete, or the slope of the
unsaturated concrete. This strength curve, should be zero. However, strength
reduction was observed from two changes could be occurring due to other
different types of tests: (1) specimens chemical composition changes.
were exposed to a pressure head of I,125 Also, at 5.6 years, the ocean-cured
feet (343 m) for 7 days and then tested concrete showed a compressive strength
under uniaxial compression in a labora- 15% less than that of the fog-cured
tory environment (Ref 1, 5); and (2) concrete. This strength reduction had to
specimens were placed under a pressure be due to a different reason than satura-
head of 20,000 feet (6,096 m) for 60 days tion effect because at this advanced age,
and then loaded axially while in the both the fog- and ocean-cured concretes
hydrostatic environment (if the concrete are known to be saturated (Ref 4).
was totally saturated, which was the Therefore, the cause for the lower
assumed condition, then this test was a strength of the ocean-cured concrete as
uniaxial compression test) (Ref 4). The compared to the fog-cured concrete can
cause of these strength reductions was be speculated as mainly due to the
most likely from pore pressure buildup. presence of seawater. Magnesium ions in
During uniaxial loading, the water pres- seawater replace some of the calcium
sure in some of the pores rose slightly, ions in calcium silicate hydrate (tobor-
thereby placing an additional component morite gel). This causes the formation of
of tensile strain within the specimen that magnesium silicate hydrate, which is
reduced the tensile strength in the radial more brittle than calcium silicate
direction and, consequently, reduced the hydrate (Ref 6). Specimens of pure
compressive strength in the axial direc- cement paste are required in order to
tion. determine the presence of magnesium

In Figure 10, when concrete speci- silicate hydrate with a scanning electron
mens were placed in the ocean, a microscope. Hence, these concrete
decrease in strength of about 10% samples could not be tested for magnesi-
occurred. At 1.6 years, ocean-cured con- um silicate hydrate. Appendix D presents
crete showed a compressive strength an extension to the sphere program
that was still less than the 28-day fog- which will provide data so that the
cured strength. Two alternative paths phenomenon of magnesium ions replacing

calcium ions can be studied.
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1.6

0 0

Fog-cured concrete
1.4

0C0

. 1.2

Each point is avg of three cast cylinders.

1. [ I
0 2 4 6

Total Age (yr)

Figure 6. Compressive strength gain of concrete exposed to
continuous fog curing.

1.6

Each point is avg of four cores.
Core strength was adjusted to represent

S that of cast cylinders.

O'C 1.4

On-land field-cured concrete

5L

1.2

0-10

1.0o 2 4 6
Total Age (yr)

Figure 7. Compressive strength gain of concrete exposed to
on-land field curing after initial 28-day fog curing.

Location was about 150 feet from ocean.
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1.4 I I
Ocean Depth (ft)

In-ocean cured concrete 0 2,790
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= / 3,140
2 

5,075

1.0

Each point is avg of four cores.
Core strength was adjusted to represent

that of cast cylinders.

0.8 1 I
0 4 6

Total Age (yr)

Figure 8. Compressive strength gain of concrete exposed to ocean curing

conditions after initial 28-day fog cure and 2 to 5 months of
on-land curing.

Condition of Concrete at 5.6 Years
1.4

A saturated

.o t 
.001 A dr y

.. i o> A saturatedA"2

"C
1.0
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f at 28-day fog:
nominal strength, 8,000 psi.
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Figure 9. Compressive strength gain of concrete in different environments.
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Curing Environment
0 Fog room, 73 0

F (22.7 °C)

x In-ocean, 40°F (40 C)
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.---------- --- Depth (ft)
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Each datum point avg of three or four specimens.

Control cylinder size, 6 x 12 in.

0.6 1 1 1 1 1
0 7 2 3 4 56

Total Age (r)

Figure 10. Relative compressive strength of fog-cured and ocean-cured concrete.

It can also be speculated that the to that in a 73F (22.8C) fog environment.
cold temperature environment of the After 28 days, the concrete in the cold
ocean had a small effect on retarding environment showed a compressive
full development of strength gain. The strength that was approximately 10%
ocean temperature was 40F (4C), less than the control concrete.
whereas the fog room environment was The important findings from the
73F (22.8C). Discussion of the long-term data are: (1) the ocean-cured concrete
effect of a continuous 40F (4C) curing required I to 2 years in the ocean before
environment was not found in the litera- regaining a strength equal to its 28-day
ture. Lorman (Ref 7) gave limited test fog strength; and (2) within the time
results on concrete that set and cured period of up to 5.3 years, the strength of
under seawater at 47F (8.3C) compared the concrete in the ocean was 15 to 20%

less than that of continuously fog-cured
concrete.
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These findings raise a question as to strain curves. The behavior of cored
the applicability of "concrete strength cylinders is presented as raw data, i.e., it
increases with age" as generally has not been adjusted for drilling effect.
accepted (Ref 8). Massive offshore The concretes were all linear up to about
structures are typically fabricated in a 0.5 fc. The elastic modulus of ocean-
seawater environment. If saturation is cured concrete was 30% less than that of
considered to occur, then the following the continuously fog-cured concrete.
interim guide can be used for strength Although the elastic modulus was not
gain with age. The initial 28-day fog- determined for fog-cured concrete at the
cured strength should be reduced by 10% age of 28 days, it is reasonable to
to account for saturation effects. Subse- assume, based on data from similar
quent in-situ strength increases with concrete (Ref 5), that the elastic
time may depend on the depth at which modulus of the ocean-cured concrete did
the concrete is located. Depth is impor- not change significantly from that of the
tant because it can influence the degree 28-day fog-cured specimens.
of saturation. At present, data are
available at depths of a few thousp.nd Short-Term Loading of Spheres
feet. For this case, the strength increase
relative to the 28-day fog-cured strength Implosion. The three spheres
appears to be nil at 1 year, 5% at 2 retrieved from the ocean were returned
years, and 15% at 5 years. to the Laboratory for short-term loading

For cases where the concrete is at a tests. These tests were conducted in a
depth of a few hundred feet, it is hard to pressure vessel where the external
estimate the strength gain behavior, hydrostatic pressure was increased
First, it is unknown how much of the wall steadily until implosion.
thickness will become saturated. It could While in the ocean, these spheres
take months for several feet of thickness were subjected to a sustained load of
to become saturated. If the interior of about 50% their short-term ultimate
the structure were to be at a relative strength for a period of 5.3 years. In
humidity of less than 100%, the concrete previous work (Ref 5) identical speci-
would never become saturated. How- mens were tested under short-term
ever, some of the concrete would be loading where the specimens were not
saturated near the outside wall, and that exposed to the long-term preloading.
portion would exhibit a strength dif- Table 4 shows the results from both
ferent from that not saturated. As a types of shnrt-term tests, with and with-
guide, the compressive strength should out preload. Table 5 summarizes the
be reduced by 10% to account for satura- results.
tion effects; then it is probably reasona- For the uncoated spheres, the pre-
ble to permit a strength increase of 10% loaded sphere showed a decrease in
at 6 months and 15% at 12 months. These implosion strength of about 8% compared
values are conservative from the on-land to that of the non-preloaded spheres.
increase factors of 20% at 6 months, and The compressive strength of the
24% at 12 months. saturated concrete was fairly well-

Numerous cylinders, both cast and defined for these tests. For the coated
cored, were instrumented with strain spheres, the preloaded spheres showed an
gages to determine the elastic modulus increase in implosion strength of about
and Poisson's ratio of the concrete. 5% compared to that of the non-
Table 3 summarizes the data, and preloaded spheres. The actual increase
Figures 11 through 14 show the stress-
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Table 3. Elastic Moduli and Poisson's Ratio Data

1Test specimen size was 6 x 12 inches (152 x 305 mm)J

E l a s t i c P o s n '
Type of Main Curing Type of No. of Modulus, Poisson's

Specimen Total Age Environment Cylinders Specimens E
(psi X 106 )

Fog-cured 5.6 yr 100% RH; 73 0 F cast 24 5.33 0.21

Ocean-cured 5.6 yr ocean depth, core 15 3.773 0.24
(includes initial 28 days 2,400 to 3,200
in fog room and then 2 to ft; 400F
5 mo of on-land field cur-
ing 150 ft from shoreline)

On-land 5.6 yr ISO ft from core 16 4.219 0.22
(includes initial 28 days shoreline
in fog room)

90 days 400 ft from cast 2 4.12
(includes initial 28 days shoreline in
in fog room) a building

5 Elastic modulus determined from unadjusted core data.

in implosion strength may have been slightly greater than that for the satura-
greater than the reported 5% due to not ted concrete specimens. However, for
defining as accurately the compressive the preloaded spheres, the dry concrete
strength for the preloaded spheres as for specimens were at least 14% stronger
the other cases. The coated spheres from than the saturated concrete specimens.
the ocean had relatively dry concrete. To This difference in strength will be
obtain a compressive strength of dry discussed in the next section.
concrete, the on-land concrete blocks The implosion data are limited.
were used. The evaporable moisture con- When the implosion strengths of dry and
tent of the on-land blocks was 2.7% by saturated preloaded specimens (Pim/f =

weight, which was less than the 3.5% by 0.299) were averaged and compared to
weight moisture content for the coated those of the non-preloaded spheres
sphere wall (Appendix B). Hence, the (Pim/f' = 0.304), it was found that the
compressive strength listed in Table 4 overall effect of preloading the spheres
for Spheres no. I I and 13 may be a little to a stress level of about 50% their
greater than the actual strength of the ultimate strength for 5.3 years was quite
concrete in the sphere wall. If this small.
potential error was corrected, the effect Views of the imploded spheres are
would be to increase the Pim/fc ratio for shown in Figures 15 through 18. The
the coated preloaded spheres. visual damage, in terms of fragmenta-

Table 5 shows that for non-pre- tion, is rather mild in comparison to non-
loaded spheres the dry concrete preloaded specimens and, in particular,
specimens had an implosion strength only to specimens that have imploded in the
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Figure 11. Uniaxial compressive tests of continuously fog-cured concrete for 5.6 years.

10,000

Ocean-cured concrete

8,00

4,000average of 15 specimens

Specimens were 6 x 12-in.

cored cylinders.

Hoop Direction Strain (uAiniin.) Axial Direction

Figure 12. Uniaxial compressive tests of ocean-cured concrete for 5.6 years.
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Figure 13. Uniaxial compressive -ests of on-land field-cured concrete for 5.6 years.
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Figure 14. Uniaxial compressive tests of on-land field-cured
concrete for 90 days (from Ref 5).
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Table 4. Short-Term Loading Results of Concrete Spheres

Elastic
Modulus

Uniaxial
Preload i Implosion Ratio, of

Description Sphere Concrete Pressure Compressive Pressure, Pim Sphere
Designation Conditiona ps Strength,(psi) Qsih Pim (psi) fc Wall,

(psi x 106)

Spheres 11 dry 1,400 9 ,2 00 b 2,970 0.323 5.05
preloaded 12 saturated 1,245 9,960 c  2,750 0.276 5.20
in the 13 dry 1,175 9 ,76 0b 3,115 0.319 5.05
ocean fol
5.3 yr

Non-preloaded CDS-1 dry 0 9,250 2,860 0.309 4.64
spheres CDS-2 dry 0 9,120 2,755 0.302 4.14
(after CWS-3 saturated 0 7,960 2,500 0.314 -

Reference 5) CWS-4 saturated 0 7,660 2,205 0.288 4.29

aDry concrete corresponds to coated spheres, and saturated concrete corresponds to uncoated spheres.

b6 x 12-inch (152 x 305-mm) cylinders cored from on-land field-cured concrete blocks prepared from

concrete used in spheres.
c6 x 12-inch (152 x 305-mm) cylinders cored from the ocean-cured concrete block attached to

Sphere No. 12.

Table 5. Summary of Short-Term a Loading Results

Implosion Pressure to Compressive Strength Ratio, P. /f .

for Spheres im c

Spheres Coated Uncoated

(dry concrete) (saturated concrete)

Preloadedb 0.321 0.276

Non-Preloaded 0.306 0.301

(after Ref 5)

aSpheres tested in a pressure .essel.

bIn the ocean for 5.3 yr.
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ocean. The zones of failure for Spheres stress and strains. A similar presentation
no. IJ and 12 (Figures 15 and 16) of results is given in Figure 21 for the
appeared to be from crushing of concrete non-preloaded spheres (after Ref 5).
and were more localized than for the The dry concrete spheres were able to
non-preloaded spheres. Sphere no. 13 withstand about 20% more ultimate
showed a failure zone (Figures 17 and 18) strain than the saturated spheres before
that was more typical of the non- imploding.
preloaded spheres. A shear-compression- It was quite apparent from the data
type failure mode for a section of wall that saturated concrete behaved
was evident for about 50 inches (130 mm) differently than dry concrete. However,
in length. at this time, data do not exist on the

The spheres that imploded in the stress-strain behavior of concrete
ocean were found totally fragmented. In control cylinders that are saturated and
a pressure vessel, once failure of a uniaxially loaded while in a hydrostatic
sphere began, the pressure load dropped pressure environment. This sphere test
off rapidly. This did not occur in the program (Figures 20 and 21) provides the
ocean, and, hence, a sphere was first data that show saturated concrete
subjected to extremely violent shock under hydrostatic pressure does not
forces when the water collapsed the perform as well as similar dry concrete.
walls. Figure 19 shows the debris on the Table 4 lists the stiffness, or elastic
seafloor for Sphere no. I that imploded modulus, for the walls of the spheres.
at a depth of 5,075 feet (1,547 m). The average modulus value fog the three

ocean spheres was 5.1 x 10 psi (35.2
Strain Behavior. Strain behavior for GPa); for the gon-preloaded spheres, it

the spheres tested in the pressure vessel was 4.4 x 10 psi (30.3 GPa). This
was monitored by measuring the quantity difference was due to the effect of the
of water displaced from the interior of preload and is a well-known effect of
the sphere while under load.* A change concrete creep (Ref 8). For 5.3 years
of interior volume is a direct function of the concrete in the ocean spheres experi-
the change in radius, and the change in enced creep under a wall stress of about
radius is a direct function of hoop strain. 5,000 psi.
The displaced water was measured to an Concrete creep and a triaxial
accuracy of +10 ml, which converted to a loading condition explains why the
strain accuracy of +2 in./in. This is modulus of 5.1 x 106 psi (35.2 GPa) for
applicable only when membrane displace- the wall of the preloaded sphere was
ments account for most of the change in greater than that given in Table 3 for the
volume. Near failure, displacements due ocean-cured concrete block, where the
to flat-spot development can contribute modulus was 3.77 x 106 psi (26.0 GPa).
significantly to the displaced water. The concrete block in the ocean was not

Figure 20 shows the raw data of stressed like the sphere wall; it was
pressure versus displaced water for the saturated with seawater and in a state of
spheres. Other scales show the wall equilibrium with the environment.

*This technique was used in Reference 5 with excellent results; the same
procedures were applied in these tests.
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Fiur 5.Potimloin ie f phr n. 1

Figure 15. Post-imploion view of Sphere no. 1.
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Figure 17. Post-implosion view of Sphere no. 13.

p- -.

Figure 18. This view of Sphere no. 13 is typical of post-implosion for non-preloaded
spheres. The missing concrete was pushed to the interior of the sphere.
Shear-compression plane runs from equator to above the numeral 13.
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Strain (in./in.)

1,000 2,000 3,000
15,000

Condition
Sphere of f

Symbol No. Concrete (psi) 00

0 11 dry 9,200 A., O1 0

* 12 saturated 9,960 1200A- 12,000

) 13 dry 9.760

200A 0
9.000

2,000

6,000

1,000

t 3,000

/
Conversion, 1 ft 3 

= 5,780 min./in.

0 ' II I 0

0 0.1 0.2 0.3 0.4 0.5 0.6
Displaced Water (ft 3 )

Figure 20. Displaced water versus pressure for short-term implosion of preloaded spheres.
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1 1 15,000
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3.000 Symbol No. Concrete (psi)

6 CDS-1 dry 9,250

0 CDS-2 dry 9,120 12,000

0 CDS-4 saturated 7,660 0
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:1- '
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Figure 21. Displaced water versus pressure for short-term implosion of non-preloaded spheres (from
Ref 5).
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Long-Term Loading of Spheres sustained load, the creep behavior of
concrete causes degradation of strength

Of the original eighteen spheres in by forming microcracks. At the same
the ocean, three spheres have imploded time, in the Oresence of moisture, hydra-
at depth. The time-to-failure for each of tion of cement causes a strengthening of
the spheres has had to be estimated the concrete. Long-term loading to
because the clocks contained in two of failure occurs when microcracks from
them have not been found. Sphere no. 3 creep progress at a faster rate than
evidently imploded on descent to the strengthening from cement hydration.
seafloor at 4,330 feet (1,320 m) because Since creep effects slow down with time,
the concrete fragments were widely strength gain from cement hydration has
scattered. Spheres no. I and 7 had a a chance to catch up and overtake the
time-to-failure that was between the creep-induced strength reductions. The
beginning of the test and the day of their rate of cement hydration is dependent
first inspection. For these specimens the upon the amount of free cement
concrete fragments were in a localized available within the concrete before it is
area. placed under sustained load. The

Detailed data for these spheres and practical significance of this condition is
the other spheres still intact on the that once the "critical duration of load"
seafloor are given in Table 6. This table is over and hydration strengthening
also shows the calculations for the rela- occurs at a faster rate than creep
tive load level, i.e., the ratio of damage, the specimen will never fail
sustained pressure to the predicted from creep. The critical duration of
implosion pressure, Ps/PiPn , for each sustained load can be days when applied
sphere. The relative load level for the to young concrete and years for old
spheres changed between the beginning concrete. For the spheres in the ocean,
of the test and the 5.3-year period as the the critical duration of load was probab y
concrete became stronger with time. on the order of months. Hence, accord ig
Using data from Figure 7 for dry con- to Stockl, any sphere that has not failed
crete and Figure 8 for saturated after 5.3 years under sustained load
concrete, the 28-day fog cure compres- should not fail in the future.
sive strength was adjusted to estimate In Figure 22, for Sphere no. 1 (5,075
the strength at 5.6 years. feet) and Sphere no. 7 (3,725 feet) the

The long-term loading failure time-to-failure is shown as a dashed line.
behavior for the ocean spheres is shown The datum point for the spheres was
in Figure 22. Data from spheres tested in plotted at 10 days as a conservative
a pressure vessel (Ref 5) are also pre- estimate. For Sphere no. 3 (4,330 feet). a
sented in Figure 22 and summarized in wide scatter of fragments on the
Table 7. The results of Stockl (Ref 9) seafloor indicated that the specimen
are shown by an average data curve failed during descent.
which represents hundredF of tests on A valuable supplement to the failure
uniaxially loaded specimens. With two data was the results from the spheres
exceptions, the sphere results are in that had not failed. Figure 23 shows the
agreement with Stockl's findings. From relative load levels for the spheres in the
his data, it appears that the safe relative ocean that are still intact. Stockl's curve
load level is about 0.75. is shown to lie above the data. The

Stockl presented an interesting dis- relative load levels experienced by the
cussion on long-term loading. When a spheres in the ocean are shown to
structure is initially placed under decrease with time as the strength of

concrete increases.
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Table 7. Summary of Long-Term Loading Data From Spheres Tested in Pressure Vessel (after Ref 5)

Sustained Uniaxial Predicted Relative
Condition Compressive Implosion Load Time to

No. of Pressure, Strength,a Pressureb Level, Failure Comment
(psiConcrete PS c pi p  Ps (day)

(psi) (psi) P.mFm

CWL-5B wet 2,280 7,900 2,395 0.95 0.14
(200 min)

CWL-6 wet 1,670 6,740 2,040 0.82 41.82 Test intentionally
terminated

CWL-7 wet 1,940 7,170 2,170 0.89 0.06
(90 min)

CWL-8 wet 1,845 7,210 2,185 0.84 0.47
(680 min)

CWL-9B wet 1,905 7,440 2,255 0.84 3.77
CDL-10 dry 2.405 9,420 2,855 0.86 0.19

(270 min)
CDL-11 dry 2,065 7,940 2,415 0.85 20.92 Test intentionall

terminated

aStrength given for weaker hemisphere.

im =0.303 fQ obtained from short-term loading tests.

Permeability absorption. Three percent absorption
was determined for identical concrete by

Table I gives the change in number extrapolating data obtained at 550 feet
of chain links suspended off the seafloor (168 m) pressure head for 86 days (Ref
by the spheres. The change in link -ount 4) to a time period of 3 yearswhen it was
was due to a loss of buoyancy by the estimated that absorption was complete.
spheres because of weight gain from For Sphere no. 12, which was
water absorption and permeability. The uncoated, it was predicted from the
loss of buoyancy was converted to a chain link count that the interior
volume of seawater taken on by the contained 1.38 cu ft (39 liters) of water.
spheres. The actual measured volume of water

Total water intake by a sphere was 1.24 cu ft (35 liters). This close
included the quantity of seawater prediction of the actual permeated
absorbed by the concrete and permeated seawater not only indicates the 3% by
through the wall. The quantity of weight absorption is a fair estimate, but
seawater absorbed by the concrete was also that the initial calculations of the
calculated by assuming 3% by weight original number of chain links suspended
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off the seafloor was accurate. In Refer- too. From Figure 24, it is shown that, in
ence 1 concern was expressed that the general, the uncoated concrete spheres
original number of links off the seafloor became watertight. In less than 1 year,
could be in error by ±1.5 links (equivalent the uncoated spheres absorbed (and
to 0.73 cu ft or 21 liters). With the data permeated) water at a faster rate than
from Sphere no. 12, it is now known that the coated spheres. However, after I
that error estimate was too high. A new year the additional water intake was
estimate of error is +0.5 link (0.24 cu ft quite small.
or 7 liters), which is also the error One method of analyzing permeabil-
estimate between different inspections. ity results is to apply D'Arcy's viscous

Figure 24 shows the relationship flow equation. For a sphere, this
between total water intake and time in equation can be expressed as:*
the ocean for all of the spheres (except
Spheres no. 17 and 18, which were half Q t
coated) where chain link count data were K = - (l)
obtained. The coated spheres do not show s
any evidence of having permeated water.
This case is known to be true for Spheres where Kc = permeability coefficient,
no. I 1 and 13. The coated spheres range ft/sec (m/sec)
in depth from 2)440 to 4,875 feet (744 to1,486 m). Qp = quantity of permeated

1,486in).seawater, ft 3 (rn3 )

The waterproof coating appeared

quite effective. This was an unanticipa- T = time (sec)
ted finding, because the coating was not
a complete barrier. Pin-holes or "fish- t = wall thickness, ft (i)
eye" openings existed in the coating. The A = interior surface area,
coating also bridged air pockets in the s ft 2 (m 2 )

wall near the surface; these locations h = pressure head, ft (i)
had the coating broken because the
water pressure pushed the coating into D'Arcy's theory assumes Kc to be
the air pocket. Water definitely had constant with time. However, the
access to the concrete wall through permeability results from the spheres
these openings.

When a hole was drilled in the walls show that Kc decreases with time. To
of Spheres no. i1 and 13, the concrete account for the change in rate of Kc, a
was found to be quite dry in appearance. secant Kc is utilized. This is analogousto the secant modulus of elasticity for
It is apparent that the pin-hole openings nonlinear materials such as oncrete.

became watertight with time. Continued niur 5the scancve s
In Figure 25 the secant Kc values

hydration of cement, microorganisms,and hemcal hanes ere robblyare shown as a function of time in the
ocean. Data from two spheres tested in a

some of the causes for the concrete pressure vessel for up to 42 days are
becoming watertight. Whatever the included. These spheres were similar to
mechanism, it can be speculated that it the ones in the ocean. It is interesting
was functioning in the uncoated concrete

*This expression is different from that given in References I and 5 because

As is now defined as the interior surface area and not as mentioned previously
as the exterior surface area. This revised equation will give Kc values 30.6%
greater than the previous equation.
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Figure 24. Total water intake for spheres in the ocean for long time periods.

that extrapolations of the pressure vessel (1.0 x 10- 1 4 m/sec). This was an order of
test results yield results close to the magnitude lower than that for the con-
actual values obtained from the spheres crete in the spheres tested in the pres-
in the ocean. sure vessels. Powers did not discuss any

The data from the spheres compared indication of permeability results
moderately well with results from decreasing with time, as was found in
Powers et al. kRef 10) who studied this study.
cement pastes. The water-to-cement
ratio for the pastes varied from 0.3 to Durability
0.7, and the measured Kc values (initial
tangent Kc ) ranged from 0.3 x 10-1 4 to Samples of 5.6-year-old concrete
400 x 10- 14 ft/sec (0.1 x j O-I4 to 120 x from the ocean spheres, both coated and

0-14 m/sec), respectively. uncoated, and from the on-land and
For a water-to-cement ratio of 0.4, continuously fog-cured cylinders were

which was equivalent to that for the analyzed by x-ray diffraction techniques
concrete in the spheres, Power's results by Prof. Mehta at the University of
showed a Kc of about 3.3 x 10-14 ft/sec California at Berkeley. He determined
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Figure 25. Permeability of uncoated spheres expressed as secant Kc versus time.

the chemical composition of the cement FINDINGS
pastes; his report is given in Appendix E.
All samples showed that the cement 1. Concrete that was placed in the ocean
compounds were hydrated. The samples decreased in compressive strength by at
also showed that substantial amounts of least 10% due to saturation. A time
calcium hydroxide were present, which period of from I to 2 years in the ocean
indicates the hardened cement pastes was required to regain a strength equal
were undamaged. No evidence was to that of the 28-day fog-cured strength.
present of harmful chemical compounds.
The ocean concrete remained essentially 2. After 5.3 years in the ocean, concrete
unaltered from the fog-cured concrete. showed a compressive strength that was

15% greater than its 28-day fog-cured
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strength. However, this strength was still (1) the compressive strength of concrete
15% less than companion concrete con- decreased slightly due to becoming
tinuously fog-cured. saturated with seawater, (2) the rate of

strength gain with time for concrete in
3. Three spheres were retrieved from the the deep ocean was slower than that for
ocean where they had been exposed to a concrete cured in a standard fog room,
preload of 50% of their ultimate strength (3) spheres exposed to a load 50% of
for 5.3 years. These preloaded spheres their short-term strength for 5.3 years
were tested in the laboratory under behaved in a manner similar to that of
short-term loading and, in general, spheres that were not exposed to a long-
behaved similarly to that of non-pre- term load, (4) twelve spheres are still in
loaded spheres. Whether preloaded or the ocean and are withstanding pressure
non-preloaded, the saturated (uncoated) loads that range from 1,840 to 4,875 feet
concrete spheres had a tendency to fail (560 to 1,486 m), (5) the permeability of
at lower pressures than those of dry uncoated concrete was quite low, (6) if
(coated) concrete spheres. complete watertightness is desired, a

waterproof coating was found to be
4. Three of the original eighteen spheres effective, and (7) the durability of
have imploded in the ocean under long- concrete in the deep ocean was found to
term loading. The remaining spheres be excellent.
have withstood load levels of 0.3 to 0.8 The results from this study show
of their predicted short-term strength. undersea concrete structures to behave

exceptionally well at deep ocean depths.
5. The permeability of concrete in The strength, permeability, and
uncoated spheres has shown a decrease in durability of the spheres are within or
rate with time and, in several cases, the exceed engineering acceptability limits.
permeation of seawater through the Confidence in using concrete for
concrete wall has stopped Coated undersea structures is substantiated and
(waterproofed) spheres remained dry on enhanced by the results of this ocean
the interior. test. The test is continuing, and addi-

tional data will be forthcoming.
6. X-ray diffraction analysis of the fog-
cured and ocean-cured concrete has
shown the 5.3-year ocean-cured concrete ACKNOWLEDGMENTS
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Appendix A

EFFECT OF DRILLING CORES ON
COMPRESSIVE STRENGTH

It is generally known that the corn- cast cylinders; these were subsequently
pressive strength of core specimens "pushed-out." Both the cast and cored
obtained from a structure is usually less cylinders were soaked for 40 hours prior
than that of standard laboratory cast to testing to insure similar moisture
cylinders. This observation is the result contents. The Campbell and Tobin study
of many influencing parameters, one of used concrete having two cement con-
which is the effect of drilling the core tents, 5.33 and 7.33 sacks per cu yd. Cast
specimens. Other parameters are: curing cylinders were made in metallic molds
environment, size of core specimen, and and then placed in holes in the slab. The
direction of coring compared to casting cast and cored cylinders were soaked
(to name a few). The specific topic of prior to testing.
drilling effect had not been directly The uniaxial compressive strength
addressed in past studies. However, data of select test runs are given in
investigations by Bloem (Ref II) and Table A-I. The observed effect of
Campbell and Tobin (Ref 12) gave data drilling is to reduce the strength of the
suitable for estimating the drilling cast cylinders by a factor of 0.93. For
effect. this report, the inverse, 1.07, is the

Both investigations used concrete factor to increase the strength of cored
slabs that had provisions for making and specimens so that they become
curing cast cylinders as part of the slab. equivalent to cast cylinders.
At the time of test, the cast cylinders This factor of 1.07 was in close
were removed from the slab, and then agreement with that of Murphy (Ref 13)
core specimens of the same size as the who mentioned a factor of 1.06 but did
cast cylinders were drilled from the slab. not present test results or the

The Bloem study used plastic inserts background source.
that were set in the slab to make the
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Table A-1. Compressive Strength Data on Effect of Drilling Cores

Compressive Compressive
Strength Strength, f. Coefficient

Sze of ypeat 28 Days Test of
Investigator Specimen e for Standard Age (psi) for - Core/Cast on

S n Cement Specimens Variation(in.) Laboratory (days) Cs %

Conditions, Cylinders Cores

fc (psi)

Bloem 4x6 Type I 3,730

(Ref 11) 3 3 1.750 1.700 0.971
3 7 2,310 2,290 0.991

3 28 3,210 3,040 0.947
3 91 3,420 3,370 0.985
3 364 3,450 3,025 0.877

avg 0.954 4.9

4x6 Type III 5,490
3 3 3,710 3,250 0.876
3 7 3,770 3,510 0.931

3 28 4,160 3,640 0.875

3 91 4,440 4,130 0.930
3 364 4,270 3,500 0.820

avg 0.886 5.2

4xo Type I1 4,150

3 1 2.980 2,770 0.930
3 3 3.110 2,910 0.936
3 7 3,280 3,020 0.921
3 28 3.340 3.060 0.o16
3 91 3.540 3.180 0.898

3 364 3,390 2,850 0.841

avg 0.907 3.9

Campbell 6x12 Type 11 4.515
and Tobin 4 28 4,150 3,850 0.928

(Ref 12) 4 56 4,195 4,140 0.987
4 84 4.660 4.095 0.87

avg 0.931 5.8

6x12 Type II 5.870
4 28 5,280 5.345 1 1.012

4 56 5.460 5,39' 0.987

4 84 6,000 5 .#5 0.949

avg 0.983 3.2

overall avg 0.932
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Appendix B

EARLY COMPRESSIVE STRENGTH DATA OF SPHERES

Table B-I lists the uniaxial compres- Table A-2 on Concrete Control Cylinder
sive strength data for all the spheres in a Data. This new table includes the coeffi-
manner similar to that in Reference 1, cients of variation.

39



Table B-I. Early Compressive Strength Data of Spheres

I Each compressive strength value is average of three 6 x 12-in. (152 x 305-mm) cast cylinders.

28-Day Fog Cure Prior to Ocean Emplacement

Sphere Hemisphere Coefficient Compressive Coefficient Compressive Coefficient
No. No. Compressive of Strength, of Strength of Age

Strength, f Variation Q' of Wet Variation c of Dry Variation (days)(psi) Concrete M Concrete M)
(psi) (psi)

1 W4 8,520 0.1 8.940 1.5 174
W35 8,070 2.1 9,360 1.5 65

2 W8 8,250 2.9 9,950 3.3 164
W7 7,940 0.6 8,970 4.5 162

3 W15 8,520 1.5 8,840 1.5 134
W16 8,400 1.9 9,650 2.0 132

4 W6 8,760 0.7 8,320 5.8 170
W5 8,050 1.5 7,600 2.7 172

5 WIO 7.730 1.1 8,090 2.9 156
W9 8.240 1.7 7,690 1.7 158

6 W14 8,580 1.8 8.510 1.6 143
W13 8.060 1.5 8,370 2.6 144

7 W20 7,660 1.7 9,530 2.3 117
W17 7,550 5.5 9.480 2.3 126

8 W22 7.520 2.2 9.030 1,2 111
W19 8,410 3.2 9,380 5.7 119

9 W28 6,920 1.8 7,820 5.5 94
W25 8,070 3.4 8,740 2.7 104

10 W30 8,190 1.2 8,560 4.4 88
W27 7,900 0.2 8,330 9.6 97

11 W24 7,540 3.8 9,820 5.6 103
W21 7,720 2.7 9,190 3.3 113

12 W32 7.570 0.6 8,390 6.7 80
W29 7,240 3.0 7,430 0.6 89

13 W26 8,070 4.5 10,210 5.3 98
W23 7.640 2.0 9,370 -1.2 105

14 W12 6,990 2.1 8,170 1.3 144
Wil 7,550 3.0 9,200 2.0 148

15 W34 8,170 2.3 7,830 4.9 74
W31 7,810 1.4 8.740 1.9 82

16 W36 7,220 2.0 7,780 1.7 67
W33 7.930 0.4 8,340 0.3 75

17 W39 8,050 1.1 9.050 4.2 51
W40 7.730 2.0 7,730 5.0 52

18 W41 8,620 2.3 8.770 5.2 48
W42 7.970 2.1 7,590 4.3 45
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Appendix C

MOISTURE CONTENT OF CONCRETE SAMPLES

Tests were conducted on concrete to tests in the pressure vessel, the
fragments from ocean-cured spheres and interior volume of the sphere was filled
blocks, on-land-cured blocks, and fog- with water for the purpose of measuring
cured cylinders to determine the relative the change in volume of the sphere
free moisture contents associated with during pressurization. The interior sur-
the different curing environments, face of the sphere was not coated. For
These data were obtained by drying Sphere no. 13, the specimen had water in
specimens in a 50% RH, 70F environment its interior for about 16 hours,at which
for 4 months and then at 130F (55C) for time it was observed that additional
3 weeks. The data are presented in Table water had to be added to completely fill
C-l and Figure C-I. the interior again. A certain quantity of

Moisture contents for the continu- water was absorbed by the dry concrete
ously fog-cured cylinders, ocean-cured before the test. For Sphere no. 11, water
blocks, and uncoated ocean-cured sphere was in contact with the dry concrete for
were similar. The concrete in the coated only about 4 hours.
ocean-cured sphere had a lower moisture In addition to drying some samples,
content, and the on-land field-cured other samples from the ocean-cured
block had a still lower moisture content. blocks and coated sphere wall were

The moisture content of the con- saturated in a pressure vessel. When the
crete in the coated spheres represents water gained was added to the water
the condition of the concrete after the lost, the total water content for the
spheres were tested in the pressure blocks was about 5.13% by weight, and
vessel. The spheres in the ocean for the coated sphere wall, it was about
probably had a lower moisture content. 5.55% by weight. The average water
This conclusion can be presented because content was 5.34% by weight, which
of an observation made during test. Prior represents an average void volume in the

concrete of 12.5%.
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Table C-1. Moisture Content of Concrete

Samples in Original Condition Samples in Original Condition Dried-Out by -
Placed in Pressure Vessel

Environmental at 15,000 Psi for 7 Days 50% RH, 700F for 4 Months Additional 3 Weeks at 130°F
Condition

for Concrete Coefficient Water No Coefficient Total CoefficientSapls Water No. oftof Waoer No. o
Samples Gain of of Loss Of of Water of of

Variation Variation Loss Variation(% by wt) Samples (%) (% by wt) Samples (% by wt) Samples (%)

On-land field-
cured for 5.6 yr

Interior of - - 0.87 12 21.8 2.61 12 12.3
blocks

Exterior of - - 1.78 4 27.5 2.76 4 16.7
blocks

Fog-cured for - - 2.47 18 8.9 4.37 18 8.0
5.6 yr

Ocean-cured
for 5.3 yr

Blocks 0.83 2 56.6 2.83 8 4.2 4.72 10 5.5
(uncoated)

Coated 1.61 4 9.9 1.85 4 9.2 3.52 8 8.6
sphere wall

Uncoated - - - 2.58 2 3.9 4.27 2 1.2
sphere wall
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5

SMoisture loss after 4 months at 50% RH, 70 0
F.

f Moisture loss after additional 3 weeks at 1 300F.

4

S3

S2

On-Land On-Land Coated Fog-Cured Uncoated Ocean-

Field-Cured, Field-Cured, Sphere Sphere Cured
Interior of Exterior of Block

Block Block

Figure C-1. Moisture content of concrete.
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Appendix D

CEMENT PAS'. SAMPLES PLACED IN THE OCEAN

To study the phenomenon of magne- The cement paste samples were pre-
sium ions replacing calcium ions in pared on I Jan 1978 by Professor P. K.
tobormorite gel, small neat cement pas~e Mehta of the University of California at
samples were mounted on the chain of Berkeley. The paste was made of Type II
Spheres no. 15 and 16 on 7 Mar 1978. Ten Portland cement having a water-to-
samples were placed, five at each cement ratio of 0.60. The relatively high
sphere. The samples were 1 inch in water-to-cement ratio was used to
diameter by 2 inches long (25 x 51 mm). create a higher-than-normal porosity.
They were suspended from a steel bar The samples were made using a
that was hooked onto the sphere chain, technique that prevented bleeding.
The samples were hung from insulated The chemical composition for the
electrical cables about 1.5 feet (0.5 m) cement is given in Table D-1.
below the bar. Each cable contained a Comparison samples to those in the
plug-in type connector (Figure D-1). In ocean were placed in a fog room
the future to retrieve a sample, a environment at CEL and the University
submersible can use its manipulators to of California at Berkeley.
disconnect the plug.

Table D-1. Chemical Composition of
Portland Cement

Chemical Percent

SiO2  22.36

A1203 3.75

Fe2 0 3  2.10

CaO 65.89

MgO 1.77
SO 3  2.29

C 3S 63.5

C2 S 16.3

C3A 6.4

C4 AF 6.4

Blaine, cm2/g 4,800
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Figure D-1. Arrangement for suspending cement samples from chain of Spheres no. 15 and 16.
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Appendix E

MICROSTRUCTURE EXAMINATION OF CONCRETE

by
Prof. P. K. Mehta

University of California, Berkeley

The results of a microstructure feldspar emanating from sand were also
examination of the concrete samples present, it was not possible to make any
listed in Table E-1 are summarized estimate of the relative quantities of
below, calcium hydroxide in the different

Aggregate pieces from the concrete specimens. Concrete samples no. A, B,
were carefully separated as much as and C showed small peaks due to ettrin-
possible before crushing and grinding the gite. In no case were peaks large enough
remainder of the sample for x-ray to draw any conclusions. Concrete
diffraction analysis. All x-ray diffraction sample no. A (piece from wall of sphere
analysis work was conducted at 40 kV, 35 no. 12) differed only in one respect from
mA Cu ka. the others. It showed two small peaks,

There was no evidence of unhydra- 2.54 A and 2.16 A, which are possibly due
ted cement compounds in any of the to the presence of calcium carboalumi-
specimens. This showed that the cement nate hydrates. However, these peaks are
was more or less completely hydrated. not very large, and all major peaks due
All the samples showed substantial to carboaluminate hydrates were not
amounts of calcium hydroxide, thus present. Therefore, it is concluded that
indicating that the hardened cement the concrete has remained essentially
pastes were undamaged in every case. unaltered.
Since large peaks due to quartz and
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Table E-1. Concrete Samples for Microstructure Examination

Sample Sample Description Curing
No. History

A Piece of uncoated wall from hemisphere 5.3 yr at 2,790 ft
W-32, which was part of Sphere no. 12. in the ocean

B Piece of concrete block that was attached 5.3 yr at 2,790 ft
to Sphere no. 12. Concrete was from same in the ocean

batch as that of hemisphere W-32.

C Piece of control cylinder that corresponded Fog curing, 100%
to hemisphere W-32. RH, 73 0 F for 5.6 yr

D Piece of concrete block that remained Field-cured on land,

exposed to on-land field conditions. Concrete 150 ft from ocean
was from same batch as that of hemisphere for 5.6 yr
W-29 (other hemisphere to Sphere no. 12).

E Piece of coated wall from hemisphere 5.3 yr at 2,635 ft
W-26, which was part of Sphere no. 13. in the ocean
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CHAPTER 1. INTRODUCTION

1.1 OBJECTIVE

This report summarizes the development of concrete pressure-

resistant structures for ocean applications and presents the results in

the form of design guides. Specifically, the emphasis is on designing

concrete spherical and cylindrical structures to withstand implosion

failure caused by uniform external hydrostatic pressure loading. Most

portions of the design approach are based on experimental data, which

have been obtained from laboratory and ocean testing of model concrete

structures over the past two decades. Some portions do not have experi-

mental support for the design approach; however, in those cases, extra-

polations of the test results have been made in conjunction with theory

to give the reader a method for predicting failure that has a quasi-

empirical background. This has been done as an alternative to a purely

theoretical analysis.

The portions based on experimental studies have been substantially

improved in this revised handbook by incorporating additional experi-

mental data and other information obtained in the 10 years since the

"Handbook for Design of Undersea, Pressure-Resistant Concrete Struc-

tures," was first published in 1976. This is in keeping with the

original plan to update the handbook from time-to-time as new informa-

tion became available. The revisions are included in several ways. For

example, information on the uniaxial compressive strength behavior of

concrete subjected to long term (to 10.5 years) sustained pressure load-

ing in the ocean, and the behavior of saturated concrete as affected by

pore pressure are presented as new sections in Chapter 2. In Chapter 3

an improved method to design cylindrical structures is presented along

with simplified design guidelines, for example Figure 3.5. In Chapters 3

and 4, additional data are entered in the curves.



This handbook was prepared as part of the Navy's Deep Ocean Technology

Program sponsored by the Naval Sea Systems Command and the Naval

Facilities Engineering Command.

1.2 BACKGROUND

In 1966, small model concrete spheres were tested under hydrostatic

loading to experimentally determine implosion pressures aq compared to

theoretically predicted pressures. The results were impressive; for

concrete having a uniaxial compressive strength of 10,000 psi, the aver-

age circumferential compressive stress in the sphere wall at implosion

was 12,500 psi. This 25% higher strength at failure was due, not to any

change in the concrete material strength properties, but rather to the

geometrical configuration, a sphere, and the loading condition, external

hydrostatic pressure. Specifically, the increase in failure strength

was the result of the lateral confining stresses caused by the multi-

axial compressive loading effects on the wall of the sphere as compared

to the uniaxial loading condition of the concrete control specimens

(6- x 12-inch cylinders). It was evident from these exploratory tests

that concrete could perform well in pressure-resistant undersea struc-

tures.

Further studies were conducted on spheres and, later, on cylinders

(Ref 1 through 17). The ultimate objectives of the investigations were

to determine the maximum depth in the ocean that concrete structures

could be safely used and to develop design guides. The results demon-

strated the feasibility of near neutrally buoyant concrete structures,

having an overall safety factory of three, at depths to 3,000 feet for

spheres and 1,500 feet for cylinders. Greater depths are possible if

concretes having a compressive strength greater than 10,000 psi are used

or if negatively buoyant structures are designed.

During the past 15 years, offshore concrete structures have been

used for oil production platforms and storage facilities in the North

Sea. This activity has demonstrated the economics and reliability of

using concrete in the ocean.
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Because of the offshore activity, concrete societies around the

world have committed much effort to defining the state-of-the-art and

developing recommended standards of practice for concrete ocean struc-

tures (Ref 18). The work of these societies will not be repeated

herein. As noted this report deals with the special loading case of

externally applied hydrostatic pressure. These results have application

to concrete floating vessels, offshore platforms, and submerged struc-

tures. In addition, hydrostatic pressure loading is a major design load

for deep mine shafts and tunnels, and even buried structures subjected

to blast overpressures.

Concrete's history is not devoid of examples of submerged pressure-

resistant structures. Today many underwater transportation tunnels

built of concrete are in operation. A notable example is the BART

transbay tube in San Francisco that is 3.5 miles long and located in

water 120 feet deep. Interestingly, research related to this report has

shown that concrete cylinder structures, such as transportation tubes,

can be used to depths 10 times this state-of-the-art depth.

Very large offshore concrete platforms have been built since 1973

for the oil industry in the North Sea. These structures rest on the

seafloor with base sections over 300 feet wide and extend above the sea

surface with towers having a total height of some 500 feet. The base

sections are composed of multiple cells, each cell about 60 feet across

and 150 feet high. During construction the cells are employed as

pressure-resistant, buoyancy chambers that withstand pressure heads of

up to 300 feet. During service the cells are used as oil storage and

seawater ballast chambers.

Potential applications in support of military operations are sea-

floor storage of fuels, long-term environmental data-gathering stations,

and possibly target submarines. Feasibility studies have been conducted

on fuel storage facilities (Ref 19) and target submarines (Ref 20). The

target submarine study showed that a pressure-resistant hull of concrete

would cost 60% that of a similar steel hull.
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CHAPTER 2. DESIGN CONSIDERATIONS

The design methods presented in this handbook apply to spherical

and cylindrical pressure-resistant structures subjected to hydrostatic

loading, that is, to external pressure applied normal to the outside

surface of the spheres and cylinders (including both the sides and the

ends of the cylinders).

This loading places the wall of the structures in a state of multi-

axial compression where the inner surface of the wall is in bi-axial

compression and all other portions of the wall are in tri-axial compres-

sion. For cylinders, the circumferential (hoop) stress is the largest,

the longitudinal (axial) stress is less, and the radial (across the

wall) stress is the smallest and varies from zero at the internal sur-

face to the same stress level as the applied pressure at the external

surface. In a sphere the circumferential stresses are the same in all

great circle directions and, again, the smaller radial stress varies

across the wall from zero to the ambient applied pressure.

The applied external pressure is assumed to be uniform in all

directions and at all locations on the outer surface of the structure.

That is, the difference in hydrostatic head at the top and at the bottom

of the structure is small compared to the average hydrostatic head and

so is neglected.

Although the dead-weight of the structure itself is an important

factor in computing the buoyancy of a structure, it is not included in

the stress calculations in these guidelines since it is considered to be

small compared to the pressure loading. This was the actual situation

in the test programs that produced the data on which the design guide-

lines are based. Thus, these guidelines can be used for design of

concrete structures in which the total pressure is a factor of 20 or

greater than the pressure difference between the top and bottom of the

5



structure. These guidelines do not apply directly to cases in which the

top-to-bottom pressure difference is a large percentage (10% or more) of

the total pressure, for example, the case of a large structure in rela-

tively shallow water. In such situations these guidelines are useful

but must be combined with other approaches to account for the nonsym-

metry of loading.

The design guidelines in this handbook are presented in equations

and charts. These guidelines provide an initial estimate of the size of

a structure for a given depth. Advanced design and analysis techniques

must be used to complete a final design, but these techniques need to

start from given dimensions. This handbook provides design aids to

quickly determine the near final dimensions. It is recommended that,

once a structure is sized by these aids and meets the design require-

ments, a detailed analysis (such as a finite element analysis) be

conducted. The analysis should assume a realistic out-of-round geometry

and take into account any significant loadings due to dead-weight dis-

tribution, pressure differentials, live loads, etc.; it should also

model the inelastic behavior of concrete materials.

2.1 CONCRETE MATERIALS

2.1.1 Strength

The compressive strength of concrete, f' used in the design
C

equations of this report is the uniaxial compressive strength of

6- x 12-inch control cyclinders tested at the time the structure experi-

ences hydrostatic loading. Because the strength of concrete in the

as-loaded condition of an undersea structure is needed, the control

cylinders should be tested with the concrete in a wet condition. Mature

concrete that has been continuously fog cured is considered to be in a

wet condition. If the control cylinders have been cured along with the

structure and have become air dried from field exposure, the concrete

cylinders should be soaked underwater for 3 days prior to testing.

However, as will be explained in following sections, concrete that has

6



been soaked for 3 days is not necessarily "completely saturated." The

strength of concrete in a wet condition is about 10 to 20% lower than

concrete in a dry condition (Ref 21). Conversely, concrete in a con-

tinuously moist condition will gain in strength with aging; at age

1 year, good quality concrete is approximately 20% stronger than at

28 days.

Information is available on the compressive strength of concrete

after long periods of time in a hydrostatic environment as reported in

References 15 and 17.

Ocean-exposed concrete blocks (18 x 18 x 14 inches) were retrieved

on three occasions: I block after I year in the ocean, 4 blocks after

5.3 years, and 2 blocks after 10.5 years. Six-inch diameter core samples

were taken from the ocean exposed blocks and companion on-land field

exposed blocks and then tested, along with fog-room cured cast cylin-

ders, for compressive strength, modulus of elasticity, and Poisson's

ratio. Drilled cores are, in general, weaker in compressive strength

than cast cylinders of the same concrete; for the following strength

comparisons the core strengths are adjusted by increasing the measured

core strength by 7% as discussed in Reference 15.

The results are summarized in Figure 2.1, which shows the relative

strengths of the concrete in the three environments at total ages of

1.3, 5.6, and 10.8 years. The relative strength is the ratio of the

compressive strength of the concrete at a given total age compared to

the compressive strength at 28 days of fog-cured specimens.

The continuosuly fog-cured specimens increased in strength by 23%

at 1.3 years, to 35% above the baseline strength at 5.6 years of age,

and were still at 35% at 10.8 years. This pattern of rapid strength

gain at early ages and then slower gain and a tendency to level off at

later ages is typical of concrete.

The on-land field-exposed concrete, tested in the air-dried condi-

tion, showed a similar but smaller gain to 5.6 years, as expected, but

indicated a loss of strength during the second 5-year period. This

drop, which was not expected, may have been due to differences in the

concrete's moisture content, due in turn to the outdoor conditions,

especially relative humidity and temperature, which varied considerably

7
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on a daily as well as seasonal basis in contrast to the fog room and the

in-ocean conditions which were constant throughout the exposure period.

The most interesting findings are, of course, those of the ocean-

exposed concrete. This concrete showed a decrease in strength on first

being placed in the ocean. This decrease results from the concrete

changing from an air-dry condition at the time of deployment (after its

initial 28-day cure the concrete was stored outdoors for several months

until deployment) to a saturated condition in the ocean. It is well

known that the uniaxial compressive strength of wet (saturated) concrete

is 10% or more lower than otherwise comparable dry concrete. However,

after the initial loss in strength, the concrete continued to cure in

the ocean and gain strength. At 1.3 years age its strength was approxi-

mately the same as the reference concrete, by 5.6 years total age it was

15% above the baseline strength, and was still at the same strength

level at 10.8 years age. Thus, the ocean exposed concrete, after an

initial loss, gained strength and then leveled off at the later age,

much the same as the reference fog-cured concrete, but at a lower

attained strength.

Thus, for predicting strength changes in saturated concrete in the

ocean, the data to date indicate that the strength increase of ocean-

exposed concrete relative to the 28-day, fog-cured strength is zero at

the end of 1 year, 5% at 2 years, and 15% at 5 to 10 years (Ref 17).

2.1.2 Durability

Good quality concrete that is completely submerged in seawater

usually does not experience problems of steel reinforcement corrosion.

The seawater that eventually surrounds the reinforcing steel becomes

oxygen depleted, and the high pH environment supplied by the cement and

the products of hydration of the cement, especially Ca(OH)2, acts as an

effective method of retarding corrosion.

A potential problem exists in pressure-resistant structures where

the interior contains air. Oxygen has access to the walls from inside

the structure. Also, the chloride content in the concrete can increase

from salts deposited by seawater evaporating on the inside surface thus

9
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promoting corrosion. These problems are accentuated for concrete in the

intertidal and splash zones, which are surely the worst environmental

conditions to design for durability.

Design criteria include using cement with a suitable tricalcium

aluminate (C3A) content, using concrete with low permeability, and

enough concrete cover for the reinforcing steel. The C 3A content should

be above 5% but should not exceed 10%, because then the concrete may

become vulnerable to deterioration by sulfate attack (Ref 18). Portland

cements that meet these specifications are usually Type II or Type V;

however, the mill specifications should be used to determine the actual

C 3A content. Low permeability is attained for concrete by using: (1) a

cement content of 675 lb/yd 3 or greater (do not exceed 840 lb/yd3

because of shrinkage or heat hydration problems), (2) a water-to-cement

ratio of less than 0.45 (and preferably 0.40 or less), and (3) vigorous

but not excessive vibration. The use of pozzolans will also help reduce

permeability; however pozzolans should be used only after tests have

been made to indicate that there is improved sulphate resistance of the

concrete and no decrease in corrosion resistance of reinforcing steel

(if present). The recommended concrete cover is 2.5 inches on reinforc-

ing steel and 4 inches on prestressing steel. For specific cases, the

cover can be reduced by considering aggregate size, bar diameter, cement

factor, water-to-cement ratio, workability of fresh concrete, degree of

compaction, smoothness of concrete surface, and other factors.

Rock boring mollusks do not usually attack high quality concrete

that is made with non-limestone aggregate. As an example, concrete that

was located on the ocean side of the Los Angeles Harbor breakwater in

California showed only very mild attack by borers after 67 years. In no

place had the borers progressed more than 1/4 inch into the surface

(Ref 22).

2.2 SATURATED CONCRETE

An understanding of the pore structure of cement paste helps to

understand the behavior of saturated concrete.
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2.2.1 Pore Structure of Cement Paste

Cement paste composes about 30% of the volume of a good-quality

concrete mixture. Because the paste surrounds each aggregate particle

and each entrapped or entrained air void, the characteristics of the

paste essentially control the permeability of the concrete.

Hardened concrete is a porous material whose void volume is pre-

dominately that of the pore space of the cement paste. In general

terms, a well-compacted, non-air-entrained concrete (of water-cement

ratio 0.40) has a void volume of about 20% at a young age and 14% at a

mature age after good curing conditions; the minimum void volume pos-

sible is 10%.

Pore size, rather than pore volume, controls the permeability of

concrete. In a hardened cement paste, there are essentially two types

of pores: capillary pores and gel pores. In a freshly mixed cement

paste, the cement particles are rather evenly distributed due to

electrostatic repulsion forces. The spaces occupied by the water in the

fresh concrete mix are termed the capillary pore spaces; they are inter-

connected and range in size from 3 x 10- 7 inches to 5 x 10- 4 inches in

diameter (Ref 23). As each cement grain reacts with water, it forms a

calcium-silicate-hydrate gel that surrounds the unhydrated portion of

the cement grain. With time, fiber-like chains of molecules, called

fibrils, develop from the gel coating (Ref 24). The interstices among

the fibrils are the gel pores. Gel pores are extremely small, from

4 x 10- 8 inches to 3 x 10- 7 inches in diameter.

After a cement grain has fully hydrated, the bulk volume of gel is

less than the combined volume of the water and cement from which the gel

is formed, but is larger (requires 120% more volume) than the original

size of the cement grain (Ref 25). The expansion moves into capillary

pores. Thus as hydration occurs, the capillary pore volume decreases

while the gel volume (and thus the gel pore volume) is created.

Theoretically, if the original water-cement ratio for a paste were

0.38 or less, the entire capillary pore volume would become occupied

with gel. The formation of gel within capillary pores increases tremen-

dously the resistance of water molecules moving through the capillary

pores. Excellent permeability characteristics arise for concretes made

11



with water-cement ratios of 0.40 or less because the capillary pores are

essentially interrupted or filled by gel.

2.2.2 Seawater Absorption

A major significance of seawater absorption is that large concrete

structures can gain in weight by hundreds of tons over long periods of

time. Designers may need to consider this factor for certain types of

floating, submerged, or relocatable concrete structures.

Two concrete mixtures were tested for seawater absorption

(Ref 26). The first mix was a high-quality concrete having a water-

cement ratio of 0.39, and a uniaxial compressive strength of 7,380 psi

at 28 days. The second mix was a medium-quality concrete of unknown

water-cement ratio (about 0.55); the compressive strength was 4,550 psi

at 28 days. Specimens of the high quality concrete mix cured for

3.3 years in two different environments: some were exposed continuously

in a controlled moist room environment and some to an outdoor environ-

ment. The medium-quality concrete was continuously fog cured and the

absorption test started at an age of 19 days.

The specimens, which were 6- x 12-inch control cylinders, were

subjected to a pressure head of 550 feet and the absorption of seawater

was monitored by measuring the quantity of water added to the pressure

vessel.

The results of the fog-cured specimens are shown in Figure 2.2.

During 8 days time at sustained pressure, the mature high-quality con-

crete absorbed a negligible amount of seawater. During a similar length

of time, the young medium-quality concrete absorbed about 1.1% by weight

and then lost about 13% of the absorbed seawater when the pressure was

removed and some internal gases expanded.*

Figure 2.3 shows the data for the mature, high-quality concrete

that was field-cured for 3.3 years. After 15 days soaking at 0-foot

*No specimens were evacuated in any of the test program because that

condition is unnatural for usual concrete applications in the ocean.

12
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head, the concrete appeared to be saturated, but actually was not since

more water was absorbed at a 550-feet head. This demonstrates water

moving into the gel pores.

The data also illustrate the difficulty of defining "saturated"

concrete. At different pressure heads, concrete may become apparently

"saturated," yet some gel pores can still be empty.

2.2.3 Compressive Strength of Saturated Concrete

Two types of investigations were conducted on the compressive

strength of saturated concrete. During the first investigation mature,

high-quality hardened concrete was put into a pressure vessel to satur-

ate the material and then, while at the saturation pressure, a uniaxial

compression test (Ref 26) was conducted. During the second investiga-

tion freshly uixed concrete, of both high and low strength mixtures, was

put into a seawater environment to cure and eventually be tested in uni-

axial compression while under the saturation pressure (Ref 27).

The first investigation used a concrete of water-cement ratio of

0.51 and a uniaxial compressive strength of 6,630 psi at 28 days.

Specimens were fog cured for 128 days before being placed at pressure

heads of 1 foot, 500 feet, and 20,000 feet for about 60 days. The

pressure was cycled 4 to 6 times for the 500-foot and 20,000-foot speci-

mens to assist in saturating the concrete.

The results are shown in Figure 2.4. Only the 20,000-foot specimens

showed a statistically significant difference in compressive strength

from that of the fog-cured specimens. A 10% decrease was recorded. The

decrease is attributed to pore pressure build up during the uniaxial

test. Under uniaxial load, the change in total volume of the specimen

requires that some water be expelled from the specimen. If the rate of

loading is faster than internal water can exit the concrete, then a

positive pore pressure will develop which can cause a decrease in com-

pressive strength.

The 500-foot specimens showed a 6% increase in strength. The

increase could have been due to empty pore space causing the specimen to

act as if it were under a small triaxial load from the pressure environ-

ment. The 500-foot specimens were not saturated.II is
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Figure 2.4 Uniaxial compressive strength of concrete tested at various pressure heads.
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For the second investigation, specimens of a low-strength concrete

mix, which had a water-cement ratio of 0.66 and uniaxial compressive

strength of 3,000 psi at 28 days, and a high-strength mix of water-

cement ratio of 0.46 and strength of 6,060 psi at 28 days, were placed

on the seafloor at a depth of 1,830 feet within 3 hours after mixing

before the initial set of the concrete had occurred. After curing in

the ocean at 420F for 11 months, some specimens were returned to the

Laboratory, placed again at a pressure head of 1,830 feet for a hold

period and then tested under uniaxial compression while at that pres-

sure head. Companion specimens were cured in a fog room at 73*F and

others in a tank of continuously circulating fresh seawater at a head

of 6 feet at an average of 66*F.

Briefly, the resvlts showed the low-strength concrete increased in

uniaxial compressive strength, as compared to the 28-day fog-cured

stiength, by 28, 28, and 24%, respectively, after 10.8 months of curing

in a fog room, 10.2 months in a seawater tank, and 11 months in a deep-

ocean environment at 1,830 feet. The differences in strength are not

statistically significant, that is, the deep-ocean concrete had a

strength essentially equivalent to that of the fog-room and stawater-

tank-cured concrete. The high-strength, fog-cured concrete increased in

uniaxial compressive strength, as compared to the 28-day 'og-cured

strength, by 26, 15, and 9% respectively, after 10.8 months of curing in

a fog room, 10.2 months in a seawater tank, and 11 months in a deep-

ocean environment at 1,830 feet. In this case the differences in

strength were statistically significant.

Another group of specimens were retrieved from the ocean after

5 years on the seafloor at a depth of 2,450 feet and tested in the

laboratory along with companion specimens that had been continuously

cured for the 5 years in a fog room or under a low head (nominally

6 feet) of seawater.

The various specimens were tested in uniaxial compressive strengths

under three different conditions: (1) submerged under seawater at the
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same pressure (2,450 feet) as the ocean-exposed specimens, (2) under

seawater at a low head, and (3) in normal laboratory atmosphere. The

results are shown in Figure 2.5 which supplement the findings at con-

crete ages of 10 to 11 months.

At 5 years age, the low-strength concrete was nearly the same

strength that it had been at 10 to 11 months, that is, the low-strength

concrete had, essentially, neither gained nor lost strength in the

additional 4 years of exposure in the three environments. On the other

hand the high-strength concrete continued to gain strength in all three

environments. For example, the ocean-exposed concrete averaged more

than 30% stronger at 5 years than at 10 to 11 months.

There are several small differences in the strengths of the con-

cretes cured and/or tested in the various environments. For example the

low-strength concrete cured and tested (at 5 years age) under high pres-

sure had an average f' of 4,100 psi, which is indicative of a reliable,
c

good quality structural concrete, but is about 10% weaker than the com-

panion concrete cured in the near ideal fog room conditions.

However, the main findings of this test series are that, at a given

water/cement ratio and a given age (after the first several weeks), the

specimens all had similar strengths whether cured or tested submerged at

high pressure, submerged at low pressure, or in the air. The differ-

ences in performance are primarily due to the well established

principles that higher strength is primarily a function of lower water/

cement ratio, and the degree of hydration of cement which is a function

of age and normally continues (if curing water is available) at a

decreasing rate for a number of months up to more than a year, after

which the concrete continues to maintain its achieved strength.

2.2.4 Pressure Cycling Effect

Severai tesLb were conducted where concrete was subjected to pres-

sure cycling and then tested under uniaxial compression. This type of

test was of interest because a rapid decrease in ambient pressure

results in a rapid change in pore pressure of the concrete, a condition

which might harm the concrete.
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One test series was part of the program involving freshly mixed

concrete placed in the ocean at 1,830 feet. All the specimens, both

low-and high-strength mixes, which cured in the ocean for 11 months

(and were, therefore, saturated with seawater), underwent three pressure

cycles: raised from the seafloor to the surface, placed in a pressure

vessel and held at 1,830 feet of head, then removed from the pressure

vessel, placed in a compression tester, and then placed back at

1,830 feet of head for the uniaxial test. Each of the pressure cycles

was at a rate of 1 foot of head per second (0.4 psi/sec). The strength

of these specimens was compared to that of companion specimens that

cured in a seawater tank at 6 feet of head. No statistically signifi-

cant strength differences were observed, so the pressure cycles did not

harm the concrete.

Additional ocean-cured specimens of both low- and high-strength

mixes were pressure cycled an additional three times at a rate of

10 feet of head per second (4.4 psi/sec). This rate was faster than any

concrete structure or object will be raised from the ocean. A practical

rate is I fps or less. The compressive strength of these specimens was

compared to that of the ocean-cured specimens that were exposed to only

three cycles of 1 foot of head per second. The strengths were essenti-

ally identical, so the faster pressure cycling rate did not harm the

specimens.

Another observation that demonstrated that pressure cycling does

not harm concrete is the retrieval of two uncoated-concrete spheres from

the ocean. One sphere was at 2,790 feet for 5.3 years (Ref 15) and the

other sphere at 3,190 feet for 10.5 years (Figure 2.6) (Ref 17). In

both cases, after retrieval and a number of hours at atmospheric

pressure, the spheres were tested in a pressure vessel to failure by

implosion under short-term hydrostatic loading, and behaved similar to

spheres that had not been placed in the ocean.

The most significant test of pressure cycling was conducted on six

3- x 6-inch solid, microconcrete cylinders that were exposed to a fresh-

water pressure head of 45,000 feet for 6 days (Ref 28). The pressure

in the pressure vessel was released within 1 second for a depressuriza-

tion rate of over 45,000 feet of head per second. This condition was an
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extreme test. Upon removal from the pressure vessel, the specimens

showed cracking as if large areas of the surface were about to spall.

Uniaxial compression tests showed that the specimens had an average

strength of 5,900 psi. These strength data were compared to that of six

companion specimens that had remained in an air-dried (field-cured)

condition; these specimens had a strength of 8,040 psi. The decrease in

strength was 27%. The strength reduction included the effect of dry

concrete becoming wet, which is 10% or more. Hence, only 17% of the

reduction would be attributed to the effect of sudden release of pore

pressure. Thus, the damage is considered to be small for the extreme

nature of the test.

The reason pressure cycling at reasonable rates does not affect

concrete is that little water actually moves in or out of saturated

concrete as the pressure environment increases or decreases. The bulk

modulus of the concrete is a little larger in value than the bulk modu-

lus of seawater; hence, as the pressure increases, the decrease in

volume of a concrete specimen is a little less than that of seawater.

So a small quantity of seawater will enter the specimen. Upon pressure

decrease, the small quality of seawater must exit the specimen. This

quantity is about 10 to 20% of the quantity that must exit saturated

concrete under uniaxial loading. Hence, pressure cycling does not

appear harmful to saturated concrete.

2.3 HYDROSTATIC LOADING CONDITIONS

2.3.1 Long-Term Loading

Experimental investigations on the long-term loading behavior of

pressure-resistant concrete structures were conducted primarily on

spheres, but a few tests were conducted on cylinders. Three spheres of

16 inches (Ref 1) and seven of 66 inches OD (Ref 10), both sizes having

t/D0 ratios of 0.063 (Figure 2.7), were tested in pressure vessels to

obtain data on their response to continuously sustained loading during

the early period (first 20 days) of long-term loading. Eighteen spheres

of 66 inches OD, also having a t/D0 ratio of 0.063, were placed in the

21



Figure 2.6 Sphere retrieved from 3,190 feet after 10.5 years.

'

Figure 2.7 Concrete spherical structures, 16-inch and 66-inch OD,
used for hydrostatic loading tests conducted in laboratory
pressure vessels and in the ocean.
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ocean to obtain data for periods up to 13 years and longer (Ref 13, 15,

and 17). The spheres were placed in the ocean in 1971; since that time

three of the spheres imploded in-situ at or soon after deployment, two

spheres flooded without imploding (one soon after deployment with no

visible defect, the other due to a small local failure after 8 years in

the ocean), five spheres were retrieved from the ocean for laboratory

testing, one has never been inspected, and seven are still exposed to

long-term loading. The long-term loading data are shown in Figure 2.8.

Three cylindrical specimens, 54 inches OD, with a t/D of 0.037 and

L/D of 2.35, were tested in a pressure vessel (Ref 16 and 29). The

data from these tests are also shown in Figure 2.8. A large cylindrical

structure (see Frontispiece) of 10 feet OD by 20 feet overall length

(10-foot cylinder section plus two hemispherical end caps) was also

subjected to long-term loading for 10.5 months in the ocean, but the

depth was only 600 feet for a relative load level of about 13 of its

short-term strength. The datum from this test is not shown because of

the low relative load level (Ref 14).

An average data curve from Stockl (Ref 29), representing hundreds

of uniaxial load tests, is shown in Figure 2.8 for comparison. The

results compare favorably. This finding shows that dry and saturated

concrete under multiaxial stresses behaves in a manner similar to con-

crete used for on-land structures. There was no unusual behavior

observed for concrete used in the deep ocean as compared to the known

behavior of concrete under long-term loading.

2.3.2 Cyclic Loading Effect

Previous work on cyclic loading of confined concrete was quite

limited. An investigation, therefore, was conducted on the low-cycle

fatigue behavior of fiber reinforced concrete spheres under hydrostatic

loading (Ref 30). The spheres were 16 inches OD, with a t/D ratio of

0.188.

The concrete mix proportions were a water-cement ratio of 0.43,

cement-sand-aggregate proportions of 1:2.55:0.64, and a cement content

of 846 lb/yd3. Type II Portland cement was used along with aggregate,

23
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maximum size of 3/8 inch, and a water reducing admixture. Straight

steel fibers, 1.5 inches in length and 0.017 inch in diameter, were

randomly distributed at a percentage of 1.5% by volume.

The state of stress in the sphere wall varied from biaxial on the

inside surface to triaxial elsewhere. The hoop stresses were equal at

o1 = 02 and the radial stress, C3, was an average of 0.3 aI  The cyclic

hydrostatic load cycled all the stresses. This was in contrast to

previous work (Ref 31), using plain concrete solid-cylinders, in which

the axial stress, a1 , was cycled from 20% to 80 or 90% of the triaxial

ultimate strength while the radial stresses, 02 and 03, were equal and

held constant at stress levels of 9 or 13% of the triaxial ultimate

strength.

The test results are shown in Figure 2.9. The spheres showed

considerably poorer fatigue behavior compared to the solid cylinders

under confinement. This difference in behavior can be explained by the

differing stress conditions in the two types of specimens. For the

spheres, all wall stresses were cycled, whereas for the cylinders, only

the axial stress was cycled. Also, for the spheres, 03 was not uniform

across the wall but varied from zero at the inner surface to some

maximum value at the outer surface.

The sphere results converge rapidly to the uniaxial results (Ref 31

and 32) in Figure 2.9. The uniaxial results should be the lower bound

limit of confined concrete fatigue behavior; however, this was not con-

firmed by the tests.

2.3.3 Rapid Loading

An exploratory test program was conducted on rapidly applying

hydrostatic load to concrete spheres (Ref 28). The spheres were

16 inches OD, with a t/D0 ratio of 0.188, and fabricated of plain con-

crete. The exterior and interior surfaces of the spheres were water-

proofed. Previous work on rapid loading effects was conducted only on

unconfined concrete solid-cylinder specimens. Testing of spheres under

hydrostatic loading provided an opportunity to observe rapid loading

effects on confined (unsaturated) concrete.
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The concrete mix proportions were a water-cement ratio of 0.43,

cement-sand-aggregate proportions of 1:2.55:0.64, and a cement content

of 846 lb/yd3 . Type III Portland cement, modified to plastic cement by

the manufacturer, was used along with an aggregate, maximum size of

3/8 inch, and a water reducing admixture.

The test procedure used for creating a rapid hydrostatic load was

to apply an equal pressure of 10,000 psi to the interior and exterior of

a sphere, and then quickly release the interior pressure, thereby

creating a rapidly applied external hydrostatic load. This procedure,

modified by decreasing the interior pressure slowly, was used on two

spheres and the implosion results compared well with the previous

results on spheres subjected to only external hydrostatic loading

(Ref 32, 4, and 30). The average implosion pressure for the two

statically loaded spheres was 4,420 psi.

The rapid test procedure was used successfully on two spheres. The

external load was applied in about 0.007 second and both spheres resis-

ted the maximum available pressure load of 9,600 psi. One sphere held

the pressure for about 0.003 second and the other about 0.025 second;

hence, the failures were not instantaneous, but rather creep failures.

The strength results are shown in Figure 2.10 as a function of

stress rate and in Figure 2.11 as a function of strain rate. The sphere

closest to an instantaneous failure showed a strength increase of 2.3

times that of statically loaded spheres. Past work on rapid loading of

unconfined concrete showed strength increases on the order of 1.4 times

that of the statically loaded specimens (Ref 33, 34, 35, and 36). The

improved strength of the spheres demonstrated that confined concrete

resisted rapid loads in a manner superior to that of unconfined concrete.

2.4 REINFORCEMENT

Three studies have considered the effects of steel reinforcement on

the implosion behavior of spherical structures. Each study investigated

a different reinforcement scheme. Cylindrical structures with steel
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Figure 2.10 Increase in compressive strength as a function of stress rate.
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reinforcement have not been investigated, but in general terms the

findings from the spherical studies should be applicable.

The first study was on spheres reinforced with steel liners on the

inside, on the outside, and on both the inside and outside surfaces

(Ref 11). Figure 2.12 shows the 16-inch OD models, which had a t/D0 of

0.063 (for the concrete wall). The quantity of reinforcement varied

from 1.8 to 24% by concrete cross-sectional area. Figure 2.13 shows the

results of the test program. The implosion strength of the reinforced

spheres is presented as the strength relative to that of plain concrete

spheres. For a given percentage of steel reinforcement, a liner on both

the inside and outside surfaces produced better strength results than if

a thicker liner were placed in either the inside or the outside surface.

To substantially increase the implosion strength of concrete

spheres required high percentages of reinforcement. For the condition

of a liner both on the inside and outside surfaces, a percentage of 12%

by area increased the implosion pressure of a plain concrete sphere by a

factor of 2.2. On a full-scale structure a percentage of 12% results in

thick steel plate. For a 12-foot OD sphere with a t/D ratio of 0.063,

the thickness of the plate would be about 2.75 inches for a 150,000 psi

yield strength steel, which is not a practical design approach.

A more conventional reinforcing scheme was investigated in the

second study (Ref 37). Spheres of 32 inches OD with a t/D ratio of

0.085 were fabricated with modeled, conventional reinforcing steel cages

with percentages of 0.44 and 1.10% by cross-sectional area. Figure 2.14

shows the rebar cage for the higher steel percentage. Implosion results

showed that the reinforced spheres failed at relative pressures 5% lower

than those for the unreinforced spheres. Near implosion, the interior

concrete cover delaminated from the rebar cage. This delamination was

not observed for plain concrete spheres of the same wall thickness. The

reinforced spheres were fabricated from two hemispheres, and the delami-

nation cracks started at the equatorial joints.

On a full-scale structure, joints would probably not be a problem;

however, increases in implosion strength are not anticipated unless the

compression steel is tied against lateral movement. Various codes of

practice (e.g., Ref 38) require reinforcement be tied if the effect of
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Figure 2. 12 Hemisphere ,sections of steel-lined reinforced concrete spheres. The control

(unreinforced) concrete sphere had a tID0  0. 063.

S5.0

C 0 Liner on insde
0 Liner on outside/

E 4.0-~ Liners on inside and outside

.2/
3.0

2.0

0 P NOTE Average stress in steel,

- :- 150,000 psi

0. 0 5 10 is 20 25 30

Percent reinforcement (by concrete cross-sectional area)

Figure 2.13 The effect of steel-liner reinforcement on the implosion
pressure M m of thick-walled concrete spheres.
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Figure 2.14 Reinforcing cage representing 1.1% steel by area for a concrete sphere of
32-inch OD by 2.71-inch wall thickness.
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the reinforcement is to contribute to the strength of a compression

member. At operational loads, untied reinforcement will assist in

resisting bending displacements caused by out-of-roundness; but, at near

failure conditions the untied reinforcement can not be counted on to

increase the implosion strength. Hence, when compression reinforcement

is not tied, then the member is designed as unreinforced concrete.

The third study was on steel fiber-reinforced-concrete spheres of

16-inch OD, 3-inch wall thickness, and a t/D ratio of 0.188 (Ref 39 and

30). Straight steel fibers, 1.5 inches long by 0.017 inch in diameter,

were randomly distributed in the concrete at a percentage of 1.5% by

volume. The purpose of this study was to investigate cyclic loading

effects as discussed earlier. We were also able to compare the static

loading strength of three fiber-reinforced spheres to plain concrete

spheres of identical size and similar uniaxial concrete compressive

strengths. The fiber-reinforced-concrete spheres showed implosion

strengths were greater than the plain concrete spheres by a factor of

1.59. This is a substantial increase in implosion strength for a steel

reinforcement percentage of only 1.5% by area.

Caution needs to be mentioned regarding steel fiber reinforcement

for hydrostatically loaded structures until additional tests can be

conducted. A fourth sphere containing steel fiber reinforcement showed

an anomalous failure at a pressure 8% lower than plain concrete spheres,

a small hole about 1/2 inch in diameter was pushed through the 3-inch

thick wall. Perhaps fibers were missing from this region, or perhaps a

fiber ball was located in this region.

A somewhat similar failure occurred for a large fiber-reinforced-

concrete sphere, 72 inches OD and t/D0 of 0.167 (Ref 40). The rein-

forcement percentage was 1.5% by area. This sphere was part of an

underground blast test program conducted by the Defense Nuclear Agency.

After the underground test, which did damage the sphere, the sphere was

tested under cyclic hydrostatic lcvding in a pressure vessel. The

failure mode was a 12-inch diameter hole pushed through the 12-inch

thick wall in a manner similar to the anomalous failure of the 16-inch

OD sphere.
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Full-scale concrete structures will require steel reinforcement to

resist strains from thermal and shrinkage conditions, loads during con-

struction and transportation stages, moments from discontinuities and

out-of-roundness deviations, and other factors. A minimum reinforcement

percentage of 0.20% by area should be used.

2.5 EPOXY ADHESIVE JOINTS

Model undersea concrete structures for most of the test programs

were fabricated by joining structural components together with an epoxy

adhesive. For spheres, two hemispheres were bonded together; for

cylinders, end-closures were bonded to the cylinder section. The joints

did not appear harmful to the overall behavior. Typically, the initia-

tion of failure did not involve the joints.

The construction approach of bonding elements together was used to

bond the hemispherical end closures to a 10-foot diameter by 10-foot

long cyclinder as shown in Figure 2.15 (Ref 14). The completed struc-

ture, which is shown in the Frontispiece, was submerged for 10.5 months

at 600 feet and then returned to land. The joints appeared in excellent

condition. After being on land for 4.2 years, the structure was again

lowered into the ocean, this time to obtain its implosion strength which

occurred at 4,700-foot depth. Again, the joints performed well.

When using epoxy adhesives the American Concrete Institute's guide-

lines (Ref 41) should be considered. Also the manufacturer's recom-

mended practice should be followed. However, not all commercially

available epoxy adhesives for concrete perform equally well. In par-

ticular, from tests on a number of epoxy materials, it was found that

the bond strength for certain epoxies is damaged by the presence of

water (Ref 42). Therefore, before using an epoxy for undersea struc-

tural applications, bond strength must be determined by tests on

concrete elements bonded in a dry (or damp or wet) condition and then

subsequently saturated under pressure.

Water-jetting or sand-blasting is required to roughen the con-

crete's surfaces. The thickness of the epoxy in the joint should be

34



less than 1/8 inch. For the joint shown in Figure 2.15, the gap

between the mating surfaces was less than 1/8 inch for about 75% of

the contact area.

2.6 PENETRATIONS

Tests have shown that concrete spherical structures can have small

and even relatively large hull penetrations without reducing implosion

strength (Ref 2). The recommended design approach is to use a hull

penetration having a rigidity equal to or greater than the rigidity of

the concrete removed, and having a mating surface between the concrete

and the penetration at a spherical angle (taper to the center of the

sphere).

This approach was used for large hull penetrations, which repre-

sented 40% of the diameter of the hemispheres, that capped the 10-foot

OD cylinder described above (Figure 2.16) (Ref 14). The strains in the

concrete near the penetrations did not show an increase over that of

other locations during the 10.5-month long ocean test at 600 feet. This,

however, could have been due to the low stress levels in the wall

(approximately 0.2 f).

For full-scale structures under construction, temporary holes are

sometimes required for access to the interior. It is recommended that

the edge of the penetration hole have an angle that is tapered to the

center of the sphere; or, if that is not possible, the edge should be

tapered at an angle that limits shear stresses across the shell thick-

ness to allowable levels. Keyways or ledges around the periphery of

the penetration hole should not be used. If concrete is used to fill

the hole, then the material should be non-shrinking and have a compres-

sive strength and elastic modulus that is equal to or greater than the

concrete in the hull.

Large penetrations in cylindrical hulls have not been investigated.

A detailed theoretical analysis using finite elements and a proper

constitutive material model for the concrete will produce meaningful

results if a large penetration must be located in the cylinder portion
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Figure 2.15 Cylindrical structure fabricated by epoxy bonding
hemisphere end-closures to cylinder section.

-

Figure 2.16 Hull penetration in hemisphere end-closure of
cylindrical structure represents 40% of the
outside diameter of the cylinder.
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of the structure. It is preferable, however, to place any large pene-

trations in the end closures rather than in the wall of the cylinder.

2.7 FACTORS OF SAFETY

The design equations presented in this document to predict implo-

sion pressures of cylindrical and spherical structures require the

addition of factors of safety. Factors of safety are applied according

to how the structure is to be used.

Different codes of practice have different approaches to assigning

factors of safety; however, whatever the approach, the overall factor

of safety usually equates to about 2.5 for concrete members under com-

pressive loads (Ref 38 and 43).

The factor of safety is frequently divided into two partial

factors: the load factor and the material factor. Without discussing

the various codes of practice, these partial factors have the values of

about 1.7 for the load factor and about 1.5 for the material factor, and

thus, when these factors are multiplied together, the overall factor of

safety is approximately 2.5. The load factor accounts for inaccuracies

in defining loads, inaccuracies in the design method, variations in con-

struction tolerances, and the importance of the structure (cost and

lives involved), and its required reliability. The material factor

accounts for variations in concrete strength within the structure and

between laboratory and field conditions.

The material factor seldom varies. For undersea structures that

are constructed on land or while afloat and then submerged, a material

factor of 1.5 is appropriate. If the structure were constructed on the

seafloor by tremie placement of concrete, a larger material factor

would be warranted. As a guide for the load factor of undersea struc-

tures, the value can range from 1.7, if people are not inside the

structure, to 2.0 or more if people are inside.

In summary, an overall factor of safety of about 2.5 is proposed

for structures that function without people inside and about 3.0, as a

minimum, for structures with people inside.

37



CHAPTER 3. CYLINDRICAL STRUCTURES

Several design approaches are appropriate for cylindrical

structures because different geometric configurations behave dif-

ferently. Analysis methods are presented for thick-walled cylinders,

moderately long thin-walled cylinders, and long thin-walled cylinders.

Experimental data exist for each of the geometries. In total,

58 cylinders were tested: 42 had a 16-inch OD (Ref 5, 8, and 12), 15

had a 54-inch OD (Ref 16 and 44), and one had a 121-inch OD (Ref 45).

The larger cylinders of 54- and 121-inch diameters generated data of

more meaningful quality, probably because they were less sensitive to

experimental error. Regardless, data from all clyinder sizes were Lsed

in developing the design equations.

The 16-inch OD cylinders are shown in Figure 3.1. These cylinders

had various wall thickness-to-diameter, t/D0 , ratios and various length-

to-diameter, L/Do, ratios, so that the wide range of geometric

conditions was covered. For the most part, the cylinders were capped

with concrete hemispheres of wall thickness equal to that of the

cylinder. The concrete uniaxial compressive strengths ranged from

6,000 to 11,000 psi. In general the concrete mix proportions were a

water-to-cement ratio between 0.55 and 0.65, an aggregate-to-cement

ratio of 3.30, and a cement content of 806 lb/yd3 . Type II Portland

cement was used. The maximum size of aggregate passed the No. 4 sieve,

which means that, technically, the cylinders were cast of mortar (or

microconcrete) rather than a concrete mix.

One of the 54-inch OD cylinders is shown in Figure 3.2. These

cylinders also had various t/D0 ratios so they ranged from thin- to

thick-walled cylinders. Although all of these cylinders had lengths of

134 inches, the two different end conditions (simple-support and free-

support) produced test specimens in the "moderately long" (Figure 3.3)
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Figure 3.1 16-inch OD concrete test cylinders with various wall thicknesses were
tested under hydrostatic loads to implosion.

Figure 3.2 54-inch OD concrete test cylinder. For this
series of tests walls were 1.31, 1.97, and
3.39 inches thick.
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and "long" thin-walled cylinder categories from the point of view of

structural analysis. The concrete uniaxial compressive strengths ranged

between nominal 6,500 and 9,500 psi. The mix porportions were a water-

to- cement ratio of 0.55, a cement-to-sand-to-aggregate proportion of

1:1.96:2.22, and cement content of 676 lb/yd3 . Type II Portland cement

was used and the maximum size aggregate was 3/8 inch.

The largest size cylinder, which is shown in the frontispiece and

Figure 2.10, was 121 inches OD, 9-1/2-inch wall thickness, and 10 feet

long. Thus, the t/D ratio was 0.079 and L/D was 1.0. The cylinder

contained steel reinforcement of 0.70% by area in the hoop direction and

in the axial direction. The end closures were concrete hemispheres of

wall thickness equal to that of the cylinder. The concrete uniaxial

compressive strength was 10,470 psi. The concrete mix proportions were

a water-to-cement ratio of 0.40, a cement-to-sand-to-aggregate propor-

tion of 1:1.40:2.50 and a cement content of 734 lb/yd3 . Type II Portland

cement was used and the maximum size aggregate was 3/4 inch.

Details of test procedures and test results are reported in the

appropriate references. Only those data relevant to developing the

design approaches are shown herein (Ref 16).

3.1 THICK-WALLED CYLINDERS

The design approach for predicting implosion of thick-walled cylin-

ders is based on material failure of the cylinder wall. Near implosion,

the inelastic behavior of concrete aling with time-dependent behavior,

such as creep, creates a hoop stress distribution across the wall that

is modeled more closely by a uniform stress distribution than by an

elastic (Lame) stress distribution. Uniform hoop stress distribution at

implosion is expressed by:

= 4(3.1)
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Figure 3.3(a) Post-implosion view of cylinder.

Figure 3,3(b) Fragments of concrete from failure zone.
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where: aim = average hoop stress in the wall at implosion

P. = implosion pressureim

R = outside radius of the cylinder0

t = average wall thickness

The hoop stress at implosion, aim, can be expressed as the uniaxial

compressive strength of concrete multiplied by a strength factor.

Y. = k f' (3.2)
im c c

where: kc = strength factor in the circumferential direction

for cylinder structures under hydrostatic loading

V = uniaxial compressive strength of concretec

The term kc was determined empirically. Figure 3.4 shows kc as a

function of length-to-outside-diameter ratio, L/Do, for cylinders of
various wall-thickness-to-outside-diameter ratio, t/D° .

For cylinders under external hydrostatic loading, the wall is under

biaxial compressive stresses on the inside surface and triaxial compres-

sive stresses at all other locations. The major principal stresses are

in the hoop and axial directions, where the hoop stress is about twice

the magnitude of the axial stress. The minor principal stress acts

radially. If the concrete is considered biaxially loaded, then the

hoop-to-axial-stress ratio of 2 increases the compressive strength of

concrete by a factor of about 1.25 f' (Ref 46). Therefore, k values
c c

for the cylinders of this program should show a value on the order of

1.25. As a minimum, k should be 1.0.c

Figure 3.4 shows that short cylinders, those of L/D° < 1, had a

k around 1.25. However, longer cylinders showed a k on the order ofc c
1.0.
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A decrease in k below 1.0 is attributed to an imperfection in theC

cylinder. An average k c value of 0.89 was observed at L/D =

For design purposes, a kc = 1.0 was selected for cylinders of L/D0

> 2. The reader is reminded that this k includes the effect of out-of-
c

roundness and experimental error. The reduction in k from 1.25 to 1.0,
c

a 20% change, is difficult to assign solely to out-of-roundness effect

because thick-walled structures are usually insensitive to small geo-

metric out-of-roundness. The 16-inch OD specimens had the out-of-round-

ness parameters given in Table 3.1. The specific magnitude of the

Table 3.1. Out-of-Roundness Parameters for
16-Inch OD Cylinders

t/D At min/t ARi/t AR /t

0.03a  0.12 0.12 0.12

0.06b  0.06 0.06 0.06

0.13 b  0.03 0.03 0.03

0.19 c  0.02 0.02 0.02

a Thin-walled cylinder.

bBorder between thin- and thick-walled

cylinder.

CThick-walled cylinder.

*Much attention was given to why k should be as low as 0.89. If out-

of-roundness were the sole cause, Cthen the cylinders showed a decrease

in strength of 29% due to out-of-roundness; which is too large an
effect for thick-walled cylinders. There is no reason based on engi-
neering mechanics to cause the reduced strength. Some problem related
to the fabrication or testing must have been responsible for the low

strengths. One procedure that was distinctly different for cylinders
with an L/D of 4 and 8 was the interior mold. The interior mold was

0
made in segments having a length of L/D = 2. Cylinders longer than
L/D of 2 used multiple segments, and i was quite difficult to dis-
assemble the multiple segments to extract the interior mold. If damage
was done to the cylinders during this operation, it was not recognized
at the time.
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out-of-roundness effect could not be determined from the test program;

however, the empirical k value accounts for whatever out-of-roundnessc
effect that existed. Hence, kc = 1.0 should be a conservative strength

factor for design purposes..

Substituting Equation 3.2 into Equation 3.1 and using R. = D /2
gives the expression to predict implosion pressure for thick-walled

cylinders:

PIm 2k f' (t/Do) (3.3)

where: k = 1.25 - 0.12 (L/D0) for (L/D ) <2

kc = 1.0 for (L/D0) >2

Equation 3.3 is shown in Figure 3.5, and is labeled "thick-walled

cylinders." Enter the cylinder's L/D and t/D on the chart to obtain

the P. /f' ratio. The implosion pressure, P. , can then be calculatedim c im,
by assuming a concrete compressive strength, fV.

c
The effect of different types of end closures on the implosion

strength of thick-walled cylinders is small (Ref 8) so this parameter

was not included in Equation 3.3.

3.2 THIN-WALLED CYLINDERS

Thin-walled cylinders are divided into two categories: moderately

long cylinders and long cylinders. Moderately long cylinders are influ-

enced by end closures that restrain the cylinder from instability

failure. Long cylinders are not influenced by end closures and behave

as infinitely long cylinders.

The basis for the design approach was to use Donnell's buckling

equation for moderately long cylinders (Ref 47) and Bresse's equation

for long cylinders (Ref 48). Both equations predict the hoop stresses

in the wall of the cylinder at buckling.
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Figure 3.5 Design guide for predicting implosion pressure of concrete cylinder structures.

Note: Enter the chart with known or sasumed values for the
cylinder's L/D0 and L/D0 ratios to find the P. /f
ratio. Select a compressive strength (known or
assumed) between 6.000 and 10,000 psi and
calculate P im,
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Donnell's Equation

0.855 Ec  t "3/2 R

im)D  = (1_v 2)3/4 () (3.4)

where: (Oim)D  = hoop stress in cylinder wall at implosion,
predicted by Donnell's equation

Ec = concrete elastic modulus, psi

L = uninterrupted length of cylinder, in.

R = mean radius, in.

t = wall thickness, in.

n = plasticity reduction factor

V = Poisson's ratio

and

Bresse's Equation

E t2

im)B 44 (i-v2)

where: (aim)B = hoop stress in cylinder wall at implosion, predicted
by Bresse's equation

Using v = 0.20 and the approximation R = D /2, Donnell's equation
becomes:

1.25 E Crl ( t.

(im)D  = L/D0 (3.6)

and Bresse' equation

t2
= 1.04 E n (F (3.7)

The elastic condition exists when n = 1.

Figure 3.6 shows the experimental data of the elastic moduli as a

function of compressive strength for the concrete used in the 54-inch OD
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Figure 3.6 Concrete elastic modulus values (obtained as secant modulus up to 0.4 fc ) of
54 -inch OD cylinders.
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cylinder tests specimens. E was obtained experimentally as the secantC

of the uniaxial compressive stress-strain curves from the beginning up

to 40% of ultimate strength. From these data the following empirical

expression was developed to predict Ec for concretes in the compressive

strength range of 6,000 to 10,000 psi.

E = 530 f' 6,000 psi < f' < 10,000 psi* (3.8)
c c C

The American Concrete Institute (ACI) expression for elastic modulus

(Ref 39) is shown in Figure 3.6 for comparision. The ACI expression is

known to over estimate E for high strength concretes (Ref 49).c

Equations 3.6 and 3.7 predict the elastic hoop stress at implosion

when the plasticity reduction factor, q, is 1.0. When q is less than

1.0, its primary function is to account for inelastic material behavior

as E deviates from elastic response. For the thin-walled cylinder

design approach, q is used in a broader manner. It is the empirical

factor to relate Donnell's and Bresse's equations to the test results.

Thus q represents more than just inelastic material behavior; it also

includes the effects of cylinder out-of-roundness, experimental error,

and theoretical equation limitations.

Empirical values were calculated by dividing the experimental hoop

stress at implosion (assuming a uniform stress distribution across the

wall) by the elastic hoop stress at buckling, Equation 3.6 or 3.7. As

the t/D ratio increases for thin-walled cylinders, and the failure mode

enters the transition region from buckling to material failure, greater

inelastic material effects occur and n becomes smaller. This is seen in

Figures 3.7, 3.8, and 3.9.

These data are shown in Figure 3.10 where n is a function of the

stress level in the cylinder wall at implosion. The fitted inelastic

buckling curves of Figures 3.7 and 3.8 were transferred to Figure 3.10

*Outside this range, Equation 3.8 becomes inaccurate, underestimating
E below 6,000 psi and overestimating E above 10,000 psi (Ref 16).c c
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Figure 3.7 Implosion of moderately long cylinders with Do 54 inches.
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Figure 3.8 Implosion of long cylinders with Do 54 inches.
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and then a design 'i curve was selected which was applicable to both

moderately long and long cylinders. The n expression is:

a a.
1.65 - 1.25 (, m) 0.52 < '. < 1.0 (3.9)

c c

3.2.1 Moderately-Long Cylinders

The expression to predict implosion pressure for moderately long

cylinders was developed as follows.

Equations 3.8 and 3.9 are substituted into Donnell's simplified,

equation, Equation 3.6, to yield:

i0t0 )15
f--' - (3.10)1.5

-__+ 830(t(.0
0 0

The stress level at implosion, a /f, is calculated by knowing the

geometry of the cylinder structure. After calculating a i/f', the
im c

following conditions determine the next step:

a. If a. /fV > 1.0, a thick-wall analysis is used to predict
im c

implosion (Equation 3.3).

b. If 0.52 < a.if < 1.0, then n is calculated by Equation 3.9.

c. If ai /f' < 0.52, then n = 1.0.

If steps (b) or (c) control, the following expression, which pre-

dicts the implosion pressure, is used. Equations 3.6 and 3.8 are

substituted into Equation 3.1 to obtain:
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2.51,320 n f t 2.5
p = 1,2 ~f --)(3.11)

im L
D

0

A design chart approach is given in Figure 3.5. Enter the cylin-

der's L/D and t/D ratios on the chart to determine the P im/fc' ratio.

The structure is assumed to have a simple support end condition.

For the case of fixed support end conditions, it has been shown

analytically (Ref 50) that a 6% implosion strength increase can be

expected.

3.2.2 Long Cylinders

The expressions to predict implosion pressure for long cylinders

were developed as follows.

Equations 3.8 and 3.9 are substituted into the simplified Bresse's

equation, Equation 3.7, to yield:

910 t~L
im 0 (3.12)

ft 2
c I+ 690

0

Once the stress level at implosion is calculated, the same condi-

tions for moderately long cylinders hold; that is:

a. If a im/f > 1.0, a thick-wall analysis is used to predict

implosion (Equation 3.3).

b. If 0.52 < aim /V < 1.0, then n is calculated by Equation 3.9.

c. If a im/fc' < 0.52, then q = 1.0.

If steps (b) or (c) control, the following expression, which was

developed by substituting Equations 3.7 and 3.8 into Equation 3.1,

predicts the implosion pressure:
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P = 1,100 n fc ( ) (3.13)

A design chart approach is given in Figure 3.5. Enter the struc-

ture's L/D and t/D ratio on the chart to determine the P. /f' ratio.
0 o im c

3.2.3 Out-of-Roundness

The design chart in Figure 3.5 was developed from theoretical

equations that were modified by empirical data. The empirical data were

from specimens that had geometric out-of-roundness.

For the 54-inch OD cylinders (Ref 16 and 44), the geometry was

extensively measured to define initial out-of-roundness. A summary of

the out-of-roundness parameters is given in Table 3.2. This informa-

tion, however, does not give the complete picture because the location

of the thinnest wall thickness coincided with the location of largest

radius deviation (or flat spot). Figures 3.11 and 3.12 show the initial

geometry. The worst flat spot location was caused by a seam in the

exterior casting mold. Displacement recordings taken on the cylinders

during hydrostatic loading tests showed that the failure occurred at the

worst flat spot location.

Table 3.2. Out-of-Roundness Parameters for
54-Inch OD Cylinders

Out-of-Roundness

t/D 0  Parameters

At .it AR./t AR /t
min 1. 0

0.024 0.08 0.04 0.10

0.037 0.06 0.03 0.06

0.063 0.04 0.02 0.03

NOTE: Radius deviations are for radii

less than the nominal radii.
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Figure 3. 11 Initial cross-section shape showing relative changes in wall
thickness and flat spots for a 54 inch OD cylinder having
a t/Do ratio of 0.037.

56



00

2700 t=2.0 n 61 n 26.09 in. T 1.99 jgm 900

1800

Figure 3.12 Variation in values of wall thickness and mean radius as
an average of 54 inch OD cylinders of tID 0 ratio of 0.037.
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For full-scale structures, out-of-roundness tolerances can be

maintained that are better than those in Table 3.2; therefore, the

design chart of Figure 3.5 should be conservative in predicting

implosion, in regard to influences from out-of-roundness.

Certain geometries of thin-walled cyliners are more sensitive to

axial load effects than other geometries. The curvature parameter, Z,

helps to qualitatively define which geometries are sensitive to out-of-

roundness deviations (Ref 47).

L2 {1-7v
Z = R

R t

For concrete, v is about 0.20 and -2 is approximately 1.0 and thus

z - L (3.14)R t

Under hydrostatic loading conditions, cylinders having Z greater

than 100 are not sensitive to "normal" deviations in roundness. The

out-of-roundness parameters given in Table 3.2 are considered within the

limits of "normal" deviations. However, cylinders with Z less than 100

are sensitive to out-of-roundness, and detailed finite element analyses

should be performed on those design cases.

3.3 DESIGN EXAMPLE, CYLINDRICAL STRUCTURE

A 100-foot OD, 200-foot long cylindrical structure, which will not

be manned, is oriented vertically on the the seafloor at a depth of

500 feet. Hemispheres cap the ends of the cylinder. Seawater ballast

fills the structure to a height of 100 feet. Hence, the maximum applied

pressure loading is 400 feet or 178 psi. The wall thickness has been

preliminarily selected as 3.5 feet and the concrete strength at time of

pressure loading as 7,500 psi.
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The first step is to determine whether the structure is a moder-

ately long, a long thin-walled, or a thick-walled cylinder. In

Figure 3.5, enter an L/D of 2.0 and t/D of 0.035 to determine that

the structure is a moderately long cylinder.

A quick estimate of the implosion strength can be obtained from

Figure 3.5. An approximate P im/fc' is obtained as 0.067

P. = 0.067 f' = 0.067 (7,500 psi) = 502 psi
im c

Using the design equations to estimate Pim requires the following

steps:

* The stress level at implosion, im/f, for a moderately long

cylinder is calculated using Equation 3.10.

°im _ 1,090 (0.035)1 "5 0

c 2.0 + 830 (0.035) 1.5 - 0.95

e When O. If is less than 1.0, the plasticity reduction factor,
im c

q, is calculated using Equation 3.9.

= 1.65 - 1.25 (0.95) = 0.46

e Now use the implosion equation, Equation 3.11:

1,320 (0.46) (7,500) (0.035)2.5

im 2.0

Note that the design chart estimate and the calculated estimate are in

reasonable agreement with each other.

The factor of safety is:

F.S. P ,m P = 522P operational 178 = 2.93
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For an unmanned structure, a safety factor of 2.93 is greater than the

prescribed 2.5, so the design is adequate. The wall thickness could be

revised to a smaller t/D ratio, or the concrete strength could be

reduced so that the final safety factor was 2.5.

Check the curvature parameter, Z, of Equation 3.14 to determine if

this structure is sensitive to out-of-roundness deviations.

Z =L 2  (200)2 236>100S=R' t 48.3 (3.5) =26>I0

Thus the cylinder is not considered sensitive if normal roundness toler-

ances are maintained during construction.
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CHAPTER 4. SPHERICAL STRUCTURES

Design equations to predict the implosion pressure of thick-walled

and thin-walled spheres are presented. Only thick-walled spheres have

been tested experimentally.

The experimental specimens were mostly 16-inch OD spheres with t/D0

ratios ranging from 0.062 to 0.25, and concrete compressive strengths

ranging from 6,000 to 11,000 psi (Ref 1, 2, 3, and 4). Seventeen of

these spheres were tested under short-term loading, i.e, each sphere was

placed in a laboratory pressure vessel and the pressure steadily

increased until the sphere failed by implosion. The implosion results

for these spheres are shown in Figure 4.1. The design approach for

thick-walled spheres is based primarily on these data. Larger 32-inch

(Ref 37) and 66-inch OD spheres (Ref 10) with t/D0 ratios 0.85 and

0.0625, respectively, were also tested to failure by implosion. The

results from the larger sphere tests are also included in Figure 4.1.

For the 16- and 32-inch OD spheres the concrete mix porportions

were a water-to-cement ratio between 0.56 and 0.65, an aggregate-to-

cement ratio of 3.30, and a cement content of 806 lb/yd3. Type II

Portland cement and aggregate passing the No. 4 size sieve were used.

For the 66-inch OD spheres, the concrete was manufactured at a local

commercial batch plant and transit mixed. The mix proportions were

water-to-cement ratio of 0.41, cement-to-sand-to-aggregate proportions

of 1:1.85:2.28, and a cement content of 733 lb/yd 3 . Type II Portland

cement, a maximum size aggregate of 3/4 inch, and a water-reducing

admixture were used.
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4.1 THICK-WALLED SPHERES

The design approach for predicting the implosion pressure of a

thick-walled, plain concrete sphere subjected to a uniform elternal

pressure is based on a material failure criterion (not on a buckling

failure), viz., the average circumferential ("hoop") compressive stress,

aim, in the sphere wall at the time of implosion of the sphere. The

average wall stress is used because, at or near failure, the inelastic

behavior of concrete causes redistribution of stresses across the wall

thickness. The average hoop stress in the wall of a sphere at implosion

due to external pressure can be expressed as:

P.
. im (4.1)

1 - 1-2 t

where: aim = average wall hoop stress at implosion, psi

Pim = implosion pressure, psi

t/D° = wall thickness to OD ratio

Since the sphere wall is in a state of multi-axial compressivE

stress, a. should be greater than the uniaxial compressive strength,

f', of the concrete. This was confirmed by the implosion tests as shown

in Figure 4.1. The empirically determined difference between a. and f'
Im c

is defined as a design strength factor, ks, for spherical structures.

0. = k f' (4.2)
im s c

Figure 4.2 shows ks as a function of t/D ratio. As t/D increases,

k increases exponentially. This is understandable, because as the wall

becomes thicker, the state of stress in the wall approaches that of

equal triaxial compression. At the limit, when t/D0 = 0.50, which is a

solid sphere of concrete, the multiaxial state of stress is that of

equal triaxial compression, and ks is a rather large number (say 10 or
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100; it's actual value in unknown but it is not infinity). The fitted

curve in Figure 4.2 is expressed as:

13.5 (t/D°)

k = 1.22 + 0.014 e (4.3)s

To predict implosion of thick-walled spheres, the design equation is

obtained by substituting Equation 4.2 into Equation 4.1:

= k V 1o (4.4)

Equation 4.4 is shown in Figure 4.1, which may be used as a design chart.

i I I I * I ' I

1.8

1.6 ks  1.22 + 0.014 J o'(tD)

1.4

00

'I.

Sphere OD (in.)

1.2 0 016

C 32
SX66

1.0 * I I -I I I

0 0.05 0.10 0.15 0.20 0.25

Wal Thicknems/Outside Diameter, miDo

Figure 4.2 Relationship between ks and t/D0 of thick-walled spheres.
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During early work on thick-walled spheres (Ref 4), cracks appeared

in the plane of the wall thickness. This cracking was detected before

implosion and, therefore, was considered a preliminary failure mode.

Two observations were the basis for this proposed failure mode. First,

strain gages mounted on the interior of the wall recorded continuously

increasing compressive strains until at some pressure the strains

started to decrease in magnitude even though the pressure continued to

increase; and, second, fragments of imploded spheres having t/D ratios

of 0.188 and 0.250 showed distinct in-plane or delamination cracks. In

addition, theoretical calculations showed that radial strains were in

tension and of magnitudes sufficient to cause cracking. Although data

were quite limited, an expression was developed to predict the pressure

at initiation of in-plane cracking using Lam9's elastic thick-wall

theory equation for calculating stresses on the interior wall modified

by a strength factor, ks, of 1.35. The expression applied only to

spheres having a t/D greater than approximately 0.10.

More recent work (Ref 39 and 40) began to raise doubts about the

in-plane cracking concept. At present, an explanation of the earlier

findings is:

a. The strain gage readings reduced in magnitude because the con-
crete surface began to crush. The inside concrete surface was under
biaxial loading, while all other concrete was under triaxial loadings,
so th:.s surface was most susceptible to crushing. Also, the double
curvature of the inside surface assisted in physically holding the con-
crete in place as it progressed into the descending portion of stress-
strain behavior (crushing). The earlier results showed that the strain
gages started to record reduced strains at the stress level of 1.35 f'.
The stress limit for prisms under pure biaxial loading is about 1.25 fc"

hence, the inside surface of the concrete sphere had likely reached is
ultimate limit.

b. The in-plane cracks, probably, did not develop as the pressure
loading was applied, but rather as the load was removed abruptly by
implosion. Sphere implosion was sudden; the shock forces at failure
combined with the rapid load removal caused tensile microcracks to join
into distinct in-plane cracks. Tensile strains existed in the radial
direction, and the direction of tensile microcracks would have been
parallel to the wall surfaces, or in-plane to the wall surfaces.
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To summarize, in-plane cracks are probably not a preliminary

failure mode for thick-walled spheres. Rather, the past expression to

predict in-plane cracks could be considered to predict the pressure at

initiation of crushing of concrete on the inside surface. Crushing does

not mean disintegrating or spalling, only that the descending portion of

stress-strain behavior has been entered for the biaxially loaded

concrete. This expression is:

Pi = 0.90 fk J 1 -2 , for-Lo> 0.10 (4.5)

where: Pbi = pressure at initiation of crushing of biaxially

loaded concrete on inside surface of sphere, psi

Equation 4.5 is shown in Figure 4.3.

4.2 THIN-WALLED SPHERES

Since data were not available on thin-walled spheres, past liter-

ature was reviewed for a conservative expression for buckling of

spheres. Buchert (Ref 51) applied the following equation, which is

adapted herein:

P. 0.18 E r( (4.6)
im c

where: E c concrete modulus of elasticity, psic

R = mean radius, inch

= plasticity reduction factor

t = wall thickness, inch

The constant in Equation 4.6 is 15% of the constant in the theo-

retical elastic buckling expression for spheres; however, it is well

known that the elastic buckling pressure is unobtainable by physical

models. The reduced constant in Equation 4.6 makes the expression

practical.
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For simplicity, it was assumed that the plasticity reduction factor

was the minimum obtained for thin-walled cylinders, n = 0.40. As t/D0

ratios become smaller, spheres exhibit less inelastic behavior, so n
should increase; however the sphere's sensitivity to out-of-roundness

will increase. Hence, a conservative approach is to use a consistent n
of 0.40. (Note that this is a significant reduction in the value of the

plasticity factor (q = 0.70) recommended in the first edition of this

handbook and, therefore, will lead to a more conservative design.)

Also, in a manner similar to that used for the thin-walled cylin-

ders, the empirical expression for concrete modulus of elasticity,

E = 530 V , and the approximation of R = D /2 are introduced. The
c C 0
design equation to predict implosion for thin-walled spheres thus

becomes:

2

Pim 152 f' (4.7)

where: < 0.033, and 6,000 < f' 10,000 psi
D0 c

Figure 4.4, which shows the curve for Equation 4.7, may be used as

a design chart.

4.3 DESIGN EXAHPLE, SPHERICAL STRUCTURE

A 100-foot OD spherical structure is required for temporary manned

occupation at the 2,000-foot depth in the ocean. Installation pro-

cedures require that the structure have a positive buoyancy of about

300 tons.

The following design procedure will determine the concrete com-

pressive strength and sphere wall thickness to meet the above

requirements. The reader is cautioned, however, that the buoyancy

problem is quite complicated due to water absorption of the concrete,
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Figure 4.4 Implosion of thin-walled and thick-walled spheres. Experimental data is not
available for spheres with a t/D0 .- 0.062.

volume change of the sphere under load, density changes of the concrete,

and other factors. This example will, simplistically, assume a constant

300-ton buoyancy.

The first step is to determine the wall thickness that provides the

proper buoyancy for the sphere. Assume that seawater weighs 64 lb/ft
3

and concrete 155 lb/ft3 .

(displaced volume) - (weight of sphere) = 300 tons

(64 pcf)-i (100) - (155 pcf) -1 (100) - D. 3] 600,000 lb

Solving for D. yields:1

D i = 84.08 ft (inside diameter)
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Therefore, t = (100-84.08)1 = 7.96 ft (wall thickness)
2

and = 0.08D
0

The second step is to determine the uniaxial compressive strength

of the concrete, f', to give the structure an operational depth of

2,000 feet. The operational pressure, P o is:

P = 2,000 ft (0.445 psi/ft) = 890 psiop

The implosion pressure is:

Pm = (Pop) (F.S.)

where: F.S. = factor of safety

Use a F.S. of 3.0 for a temporarily manned structure.

P. = (890) (3.0) = 2,670 psilm

Use Equation 4.3 to determine k and Equation 4.4 to determine f':
a C

13.5 (t/D )
k = 1.22 + 0.014e 0= 1.27
S

P.f , - 1

k 1 -2 D)

f - 2,670 7 140 psi
C (1.27) 1  - (1 - 2 0.08)2]

which is the compressive strength required at the age when the structure

experiences hydrostatic load.
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CHAPTER 5. SUMMARY

Test results from laboratory and,-ocean investigations conducted at

NCEL over the past two decades have been condensed into design guides

for undersea, pressure-resistant concrete structures. These guides are

principally for designing cylindrical and spherical concrete structures

to resist the externally applied pressures of hydrostatic loads and thus

be safe from implosion failure. Thin-walled and thick-walled structures

are considered.

For predicting implosion pressures of thick-walled cylinders, an

empirical expression, Equation 3.3, is presented. For thin-walled

cylinders, the cases of moderately long, and long cylinders are treated

separately. Buckling expressions by Donnell for moderately long cylin-

ders and by Bresse for long cylinders are simplified by incorporating

experimentally verified numerical values for the modulus of elasticity

and Poisson's ratio of high strength concrete to obtain the design

Equations 3.6 and 3.7. These expressions are then modified by an

empirically determined plasticity reduction factor. The plasticity

reduction factor is presented as a function of the stress level in

the cylinder wall at implosion, Equation 3.9. A combined design

guide for thick-walled, moderately long, and long cylinders is presented

in a chart format in Figure 3.5.

Implosion pressures for thick-walled spheres can be predicted by

Equation 4.4, which is an expression based on the average circumfer-

ential compressive stress in the concrete sphere wall at the time of

failure by implosion. The wall stress is related to the uniaxial com-

pressive strength of concrete by an empirically derived factor. For

thin-walled spheres, a conservative buckling expression, Equation 4.7,

can be used.

Conservatism has been used in developing these design guides

because the technology for submerged concrete structures is relatively
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undeveloped. Many concrete technology topics remain to be investigated,

and, for that matter, not all the information presented herein has been

completely validated. When judgments were made in developing these

design guides, engineering knowledge, past experience with concrete

used on land and with steel structures under hydrostatic pressure, were

conservatively applied. With future research and field experience it

is expected that these guidelines will be improved.
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CHAPTER 8. NOMENCLATURE

D. Inside diameter (ft or in.)1

D Outside diameter (ft or in.)0

eD Diameter deviation (ft or in.)

et Wall thickness deviation (ft or in.)

E Modulus of elasticity of concrete (psi)C

f' Uniaxial compressive strength of concrete (psi)c

k Strength increase factor in hoop direction for cylindersc

k Strength increase factor for spheres5

L Uninterrupted length of cylinder (ft or in.)

P Hydrostatic pressure (psi)

Pbi Pressure at initiation of crushing on inside wall of sphere (psi)

P. Implosion pressure (psi)

P Operational pressure (psi)op

P p Initiation of in-plane cracking pressure (psi)

P Sustained pressure (psi)S

R Mean radius (ft or in.)

R. Inside radius of cylinder (ft or in.)1

R Outside radius of cylinder (ft or in.)

F.S. Factor of Safety

t Wall thickness (ft or in.)

Z Curvature parameter

End condition factor

A Long-term loading factor

83



Yf Partial load factor

Ymc Partial material factor for concrete

q Plasticity reduction factor

6 Length-to-diameter factor

v Poisson's ratio

im Average stress in hoop direction of cylinder or sphere wall at
implosion (psi)

0 Stress in concrete (psi)
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